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ABSTRACT 
 
The concentrations of polycyclic aromatic hydrocarbons (PAHs) in urban lake sediments have increased 
significantly over the past several decades.  Increased PAH loadings have been correlated with 
urbanization, and carbonaceous materials (CMs) such as coal tar and asphalt sealcoat and soot.  PAH 
concentrations in urban lakes are often above sediment quality guidelines which have been identified as 
harmful to aquatic life.  A better understanding of the fate of PAHs bound to these CMs in lake sediment 
is needed in order to assess the risks to aquatic life in urban lakes sediment. The objectives of this work 
were to 1) Determine whether PAHs associated with CMs redistribute to more strongly sorbing CMs in 
sediment or are lost to the water column. 2) Determine the rates at which PAHs are redistributed to CMs 
and sediments or are lost to the water column. 3) Determine the relative importance of kinetic compared 
to equilibrium sorption on PAH redistribution in CMs and sediment. 
 
To address these objectives, the redistribution of PAHs between CMs and sediment was measured in a 
series of controlled, well-mixed laboratory experiments as well as a two year in situ field study.  In both 
studies particles of coal-tar pitch, asphalt, charcoal, and soot were created and loaded with deuterated 
PAHs as tracers (dPAHs).  Each type of particle was loaded with a unique series of dPAHs of varying 
molecular weight and Kow.  The particles were then mixed with sediment and the redistribution among 
materials was measured over time.  In the well-mixed laboratory experiments, samples were loaded into 
serum bottles and rotated on a bottle roller at 5 rpm for up to 90 days.  Samples were taken at designated 
time intervals in order to measure changes in redistribution with time.  The in situ field studies involved 
loading sediment and CMs into sample cores, pushing the sample cores into the top layer of lake 
sediment, and retrieving cores from the lake over a 2 year period.  A PAH redistribution model was 
created incorporating mass transfer kinetics and thermodynamic equilibrium sorption.  The model was fit 
with the results from the well-mixed laboratory experiments and apparent mass transfer coefficients for 
materials were determined.  The modeling results were used to help interpret both laboratory and field 
data. 
 
The results of both the laboratory and field studies show dPAHs associated with coal-tar pitch, asphalt, 
charcoal, and soot are mobile in the sediment, moving in significant amounts to other CMs and sediment.  
Low molecular weight dPAHs associated with coal-tar pitch and asphalt sealcoat were found to account 
for the majority of dPAH transport between materials.  These low molecular weight dPAHs are also more 
toxic.  Therefore, the findings from this work indicate lakes with large runoff from seal-coated pavement 
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may be at elevated risk to aquatic life.  These findings also indicate that a significant portion of the risk 
associated with CM bound PAHs in sediment can be mitigated by reducing sealcoat use. 
 
The results of the laboratory study show that the kinetics of sorption can result in different trends at early 
times compared to those at equilibrium.  Materials that are considered less strongly sorbing, such as 
asphalt and sediment, had a large effect on sorption trends at early times.  More strongly sorbing 
materials, like charcoal, started to account for the majority of sorption at later times.  These findings show 
the importance of considering both kinetic and thermodynamic distribution when determining PAH 
mobility and associated risks.  Results from the redistribution model show redistribution to strongly 
sorbing CMs does occur, but can take decades or more.  Therefore, natural attenuation may not mitigate 
PAHs in sediment on an adequate time scale and active remediation may be needed.  Although this 
project is focused on one lake, studies have shown coal-tar pitch, asphalt, and soot significantly contribute 
to PAH loading in many urban lakes across the U.S., thereby making the results of this work applicable to 
other locations. 
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CHAPTER 1 
 
INTRODUCTION 
 
1.1 Motivation 
 
The concentrations of polycyclic aromatic hydrocarbons (PAHs) have increased by up to two order of 
magnitude over the past several decades in urban lake sediments [1].  This is consistent with the findings 
that there is a significant correlation between PAH concentrations in streambed sediment and population 
density, as well as percent urban land use [2].  PAH concentrations in urban lake sediments are commonly 
above the level at which adverse effects to aquatic life are likely to occur (22.8 mg PAH/kg sediment).  
These adverse effects include liver lesions and tumors in fish, delayed emergence and inhibited 
reproduction in invertebrates, and reduced photosynthesis plants [3-5].  Carbonaceous materials (CMs) 
associated with urbanization (such as coal-tar pitch and soot) have been found to be major contributors to 
PAH loadings in urban lake sediments [6].  Asphalt sealcoat and charcoal have also been found to 
contribute to a lesser extent [6, 7].  Coal-tar and asphalt sealcoats applied to roadways are worn away by 
tire action, runoff, and wind.  The eroded particles are transported to urban lakes by runoff and 
wind.  Traffic can also transport the particles to different locations, impacting areas that do not use 
sealcoats.  Soot and charcoal deposited on land surfaces including roadways via combustion are similarly 
transported.   When CMs enter an urban lake the PAHs in these materials that are available for 
redistribution are bioavailable [8] and may be taken up by aquatic organisms, redistributed from more 
weakly to more strongly sorbing CMs, or released to the water column. 
 
As urbanization continues to increase, more PAHs associated with CMs such as coal-tar pitch, asphalt, 
charcoal, and soot will be released into the environment.  There is little information on the rate that PAHs 
in sediments are lost to the water column and/or redistribute to more strongly sorbing CMs over time.  A 
greater understanding of the fate of PAHs bound to CMs in sediment is needed in order to assess the risk 
to aquatic life in polluted settings.  By understanding the movement between these different materials, the 
fate and environmental risks associated with PAHs in urban runoff can be better evaluated.  
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1.2 Background 
 
PAHs are pervasive in nature and can be detected in air, water, soil, sediment, as well as plant and animal 
tissues.  PAHs come from both natural and anthropogenic sources; however, anthropogenic sources 
dominate the overall input to the environment [9].  Natural sources of PAHs include prairie and forest 
fires; anthropogenic sources include the burning of coal, wood, and petroleum, coke production, and 
petroleum refining.   There are many different PAH compounds; this study will focus on the 16 EPA 
priority PAHs, which were prioritized by the EPA due to (1) availability of information, (2) suspected and 
representative harmfulness, (3) greater chance of exposure, and (4) highest concentrations present at 
National Priority List hazardous waste sites [10].   
 
PAHs range from 2 rings (naphthalene) to 6 rings (benzo[ghi]perylene) (Figure 1.1).  Generally, as the 
molecular weight increases solubility and vapor pressure decrease and Kow increases (Table 1.1).   
 
 
Figure 1.1: Structure of 16 EPA priority PAHs [11]. 
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Table 1.1: Selected chemical and physical properties of 16 EPA priority PAHs.  Values from Mackay et 
al. [12], values marked with “*” from ATSDR [10]. 
 
 
1.2.1 Environmental Concerns 
 
PAHs are a concern in the environment due to their toxicity and carcinogenicity to aquatic life.  PAHs are 
photoreactive; exposure to UV radiation (i.e. sunlight) can increase toxicity and carcinogenicity [13].  
Low molecular weight PAHs tend to be more acutely toxic than high molecular weight PAHs, while high 
molecular weight PAHs may be both toxic and carcinogenic.  PAH concentrations in water bodies tend to 
be several orders of magnitude less than acutely toxic levels; however, the concentration in sediments can 
reach acutely toxic levels [14].  A positive relationship (p ≤ 0.001) was found between PAH levels in 
sediment and the presence of liver lesions in English sole in the Puget Sound [3].  Also, higher levels of 
occurrence of liver tumors were measured in brown bullheads in a PAH contaminated site (978 mg PAH/ 
kg wet sediment) compared to a reference site (0.31 mg/kg) [4].  PAHs have also been found to inhibit 
reproduction of daphnids, cause delayed emergence of larval midges [5], decrease respiration and heart 
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rate of mussels [15], and inhibit photosynthesis of algae [5].  MacDonald et al. developed sediment 
quality guidelines for freshwater ecosystems [16].  Two effect levels were proposed: a threshold effect 
concentration (TEC) of 1.61 mg total PAHs/kg sediment, below which negative effects are unlikely to 
occur; and a probable effect concentration (PEC) of 22.8 mg total PAHs/kg sediment, above which 
negative effects are more likely to occur than not. 
 
It is important to consider CM toxicity as a whole, because CMs are complex mixtures and resulting 
effects may differ from studies focusing on individual PAHs.  Two types of toxicity studies have been 
performed for coal-tar and/or asphalt sealcoat particles: toxicity of these particles mixed with sediment, 
and toxicity of runoff water, including particles from sealcoat covered pavements.  The toxicity of coal-
tar and asphalt sealants to eastern newts was measured by exposing them to sediment loaded with various 
levels of sealant scrapings (15-1500 mg sealant/kg sediment).  Neither sealant resulted in significant 
mortality after 28 days of exposure; however, decreased righting ability and liver enzyme activity were 
detected in newts exposed to coal-tar sealant [17].  A similarly designed study (7.5-300 mg sealant/kg 
sediment) found the addition of coal-tar sealant particles to sediment negatively impacted the abundance 
and richness of benthic macroinvertebrate communities after 24 days of exposure [18].   A toxicity study 
on runoff from coal-tar-based sealcoated pavements was conducted with C. dubia and P. promelas 
(flathead minnows).  Both species displayed 100% mortality after 48 hr exposure to undiluted runoff 
collected up to three (C. dubia) or 36 days (P. promelas)  after application.  The addition of 4 hours of 
UV radiation resulted in 100% mortality for both species in undiluted runoff collected over 111 days  
[19].  The toxicity of runoff from an asphalt paved parking lot was assessed by exposing C. dubia to the 
runoff for 7 days [20].  A 58% decrease in reproduction was measured; this decrease in reproduction was 
96% when runoff exposure to UV radiation was also included [20].  The toxic effects of sealcoat in 
sediment and runoff to aquatic species show the importance of understanding how these materials enter 
and move through ecosystems in urban areas. 
 
Although PAHs are toxic and carcinogenic to aquatic life, not all PAHs present in sediment and CMs are 
readily available.  The portion of PAHs in sediment which is biologically available may be significantly 
less than the total concentration.  Reduced bioavailability can be caused by aging of sediment [21, 22] or 
increased levels of highly sorbing materials such as charcoal or soot [23].  White et al. compared 
mineralization of phenanthrene by bacteria in soils aged for different lengths of time; soil aged for 30 
days resulted in over 10% reduction of mineralization compared to 3 days of aging [24].  The 
bioavailability of pyrene in sediment to Lumbriculus variegatuswas (freshwater aquatic worm) was 
reduced by 58% in sediment aged for 220 days compared to unaged sediment [25].  Cornelissen et al. 
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estimated that, as the percent of highly sorbing materials of the total carbon content in sediment increases 
from 0 to 20% , the readily bioavailable fraction of PAHs can be reduced by 90% [23].  Ghosh et al. 
compared the effectiveness of biotreatment on two sediments: one with about 90% of PAHs derived from 
coal, the other with about 95% of PAHs derived from coal-tar pitch.  There was little reduction in PAH 
concentrations in the coal-derived sediment, while over 75% of PAHs were reduced in the pitch-derived 
sediment [8].  The makeup of sediments greatly impacts the bioavailability of PAHs to aquatic life, and 
consequently the risks associated with PAH contamination can vary widely with location.  The 
combination of CMs containing high concentrations of PAHs, such and coal-tar sealcoat, along with 
strongly sorbing CMs such as charcoal and soot, may result in complex interactions in urban lake 
sediment. 
 
1.2.2 PAH Trends in Urban Lake Sediment 
 
Sediments are a major sink for PAHs due mainly to the low solubility of PAHs in water and their high 
affinity for organic carbon [26].  Many studies have measured PAH concentrations in lake sediment, with 
varying results.  There is a consistent trend of increasing PAH concentrations with increasing levels of 
urbanization and population density [2, 27, 28], and with sealcoat use [1, 7].  Bed sediment and/or core 
sediment was analyzed from twenty one streams and lakes in New England.  Strong correlations were 
found between PAH concentrations and population density (Pearson’s r = 0.89, p-value 0.0001) and total 
urban land use (r = 0.82, p-value 0.0002) [2].  PAH concentrations in eight of the locations were greater 
than the PEC (22.8 mg/kg); this included all locations classified as urban and one location classified as 
suburban.  Seven locations had concentrations greater than the TEC (1.61 mg/kg).  The remaining five 
locations had PAH concentrations less than the TEC; four of these sites were in rural areas [2].  A study 
of eleven lakes in Michigan also found a relationship between watershed population density and PAH 
concentrations in sediments [28].  However, only three of the sampling sites had PAH concentrations 
greater than the TEC [28].  These two studies show similar trends to population density but widely 
different PAH concentrations.  A study of sediment from 40 lakes in urban areas throughout the U.S. 
found that the use of coal-tar sealcoat was the primary driving force for PAH concentrations rather than 
population density or urbanization [7]. 
 
The sources of PAHs in runoff and sediment have been determined both experimentally [6, 29, 30] and 
through modeling [7, 27].  Studies have compared the PAH concentration in runoff and receiving 
waterbody sediment from sealed and unsealed parking lots.  Watts et al. found the concentration of PAHs 
in sediment in a swale receiving runoff from a parking lot increased from 1.58 mg/kg to 95.7 mg/kg with 
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the application of coal-tar sealcoat.  Increased levels of PAHs were also detected at least 180 m 
downstream from the parking lot for as long as 2.5 years after the date the parking lot was sealed [30].  
Runoff was artificially created over coal-tar sealed and unsealed urban parking lots in Austin, TX, and 
samples were taken of the resulting runoff particles.  The concentrations of PAHs in particles from coal-
tar sealed lots was 520-9000 mg/kg, while the concentrations from  unsealed lots was 7.2-75 mg/kg [29].  
Although these studies do not quantify the contribution that coal-tar sealcoat has to the total PAH loading 
in receiving water bodies, the significant increase in PAH concentrations in runoff and sediments 
indicates coal-tar sealcoat is a large contributor to overall PAH runoff.  Quantitative petrographic analysis 
was used to measure the contribution of various CMs to the overall PAH loading in sediment in Lake 
Como, TX.  Coal-tar pitch, asphalt, and soot contributions to total PAH loading in influent streambed 
sediment in an urbanized watershed were 70.9, 11.6, and 7.3% respectively.  PAH contributions to lake 
sediment varied from 0-83.6% for coal tar pitch, 1.9-5.6% for asphalt, and 7.7-44.9% for soot depending 
on sediment depth [6]. 
 
Modeling studies have inferred the original sources of PAHs in environmental samples by using the ratios 
of PAHs in known source materials as fingerprints.   PAH ratios of isomers or compounds of the same 
molecular weight can be used to infer combustion and anthropogenic sources.  For example, the ratio of 
fluoranthene to fluoranthene plus pyrene (Fl/Fl+Py) can be used to determine if PAH sources are 
combustion or petroleum based.  Generally, a ratio greater than 0.5 indicates combustion sources, while a 
ratio less than 0.5 indicates petroleum based sources [27].  Yunker et al. used PAH ratios to infer PAH 
sources in suspended particles and bed sediment near Vancouver, B.C.  The source shifted from biomass 
burning to vehicle emissions between remote and urban sites [27].   
 
Another way to model sources of PAHs is with the EPA Chemical Mass Balance (CMB) model, which is 
a receptor model that quantifies the sources of pollutants at a receptor site based on potential source 
profiles.  Van Metre and Mahler used this model to determine the sources of PAHs in sediments of 40 
urban lakes.  Major sources were coal-tar sealcoat, vehicle emissions, and coal burning, with sealcoat 
having  the largest contribution to PAH loading [7].  Fuel oil and charcoal were also estimated to be PAH 
sources [7].  A similar model was used on sediments in storm water ponds in the Minneapolis-St. Paul, 
MN metropolitan area.  The results of this model showed coal-tar sealcoat contributed to 67.1% of PAH 
loading, and vehicle-related sources contributed 29.5% [31]. 
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1.2.3 PAH Sorption in Sediment and Carbonaceous Materials 
 
As mentioned previously, the presence of CMs can greatly affect the bioavailability of PAHs.  CMs in 
sediment are of interest not only as a source of PAHs, but also because they are strongly sorbing.  The 
strength of sorption of materials can be expressed by distribution coefficients (Kd).  Kd values are 
determined with isotherm experiments, and are a measure of the sorbed concentration (q) with respect to 
concentration in water.   Kd values from the literature for CMs are presented in the table below.  In 
general, Kd values follow: Kd,asphalt < Kd,coal tar < Kd, soot < Kd, charcoal.   
 
 
Table 1.2: Distribution coefficients of carbonaceous materials (log Kd), 
Sources are 
a
 Endo et al. [32], 
b
 Henzler and Grathwohl [33], 
c
 Jonker and Koelmans [34], 
d
 Jonker and 
Koelmans [35]. 
 
The fraction of organic matter in a material affects the sorption of PAHs in soils and sediments. He et al. 
found the adsorption of fluoranthene to soil was well correlated with the organic carbon (OC) content 
[36].  Chung and Alexander also found OC content to be well correlated (r = 0.618) to the sequestration 
of phenanthrene in soils [37], meaning the higher the OC content the more strongly PAHs sorb to soils.  A 
simple sorption model based on organic content in sediment can be expressed in terms of the fraction of 
organic carbon (foc) and organic carbon partition coefficient (Koc). 
 
𝑞 = 𝑓𝑜𝑐𝐾𝑜𝑐𝐶          (Equation 1.1) 
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Koc may be calculated based on a correlation with the octanol water partition coefficient (Kow), such as the 
empirical correlation found by Karickhoff et al. [38]. 
 
𝑙𝑜𝑔𝐾𝑜𝑐 = 1.00 𝑙𝑜𝑔𝐾𝑜𝑤 − 0.21   (𝑅
2 = 1.00)     (Equation 1.2) 
 
However, complex organic matrices such as coal tar, charcoal, and soot are strongly sorbing have a large 
impact on PAH sorption in sediments, and the use of only Kow based Kd values typically results in under-
prediction of PAH sorption.  This is illustrated in Table 1.2, where Kd values for an individual PAH can 
vary over an order of magnitude or more for a particular CM.  Accardi-Dey and Gschwend proposed 
amending Equation 1.1 by including not only a term for sorption to organic carbon, but also one for black 
carbon [39].  As shown in Equation 1.3, sorption to black carbon is described with nonlinear Freundlich 
isotherms, with the Freundlich parameters KF,BC and nF,BC.  Khalil and Ghosh proposed a similar model to 
calculate PAH sorption to sediment from a manufactured gas plant which contained coal-tar pitch with a 
pitch specific distribution coefficient (Kpitch) and fraction of pitch (fpitch) (Equation 1.4) [40]. 
 
𝐶𝑠 = 𝑓𝑂𝐶𝐾𝑂𝐶𝐶 + 𝑓𝐵𝐶𝐾𝐹,𝐵𝐶𝐶
𝑛𝐹,𝐵𝐶             (Equation 1.3) 
 
𝐶𝑠 = 𝑓𝑂𝐶𝐾𝑜𝑐𝐶 + 𝑓𝑝𝑖𝑡𝑐ℎ𝐾𝑝𝑖𝑡𝑐ℎ𝐶                        (Equation 1.4) 
 
These models are useful to determine the sorption of PAHs at equilibrium.  However, it is also important 
to consider the kinetics of sorption, especially at early times.  PAH sorption is a diffusion-based process, 
and a number of different approaches have been proposed that typically use a radial or 1D linear diffusion 
model, sometimes coupled in series to describe fast and slow sorption sites [41, 42].  In most cases, 
however, a more straight-forward pseudo first order mass transfer model is used [43, 44], which is often 
justified given the complexity of accurately parameterizing diffusion kinetics.  For the pseudo first order 
model, the change in sorbed concentration is dependent on a first order rate constant (k), and the 
concentration driving force, or the difference between the sorbed concentration in equilibrium (qe) with 
water and the actual sorbed concentration at time t (q).  This can be written as: 
 
𝑑𝑞
𝑑𝑡
= −𝑘(𝑞𝑒 − 𝑞)                                                (Equation 1.5) 
 
This pseudo first order approach has been extended to consider two kinetic phases, fast and slow, where 
first order mass transfer from each phase can occur in parallel or series [45].  A simplification of this, 
where the fast phase is described by equilibrium partitioning and the slow phase is described by first order 
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kinetics, has also been used [43].  Jonker et al. used a two phase kinetic model to fit desorption data from 
soot, coal, and charcoal, and used this to estimate how long PAH desorption from these materials would 
take [46].  Results showed desorption of 99% of native PAHs could take 6 to 3,510 years depending on 
the PAH and material.  A similar model was used by Cornelissen et al. to model desorption from 
sediment [47], and Ghosh et al. to model desorption for coal-derived particles [48]. 
 
1.3 Research Goals and Objectives 
 
The overall goal of this dissertation is to determine the fate of PAHs associated with coal-tar pitch, 
asphalt, charcoal, and soot in urban lake sediments.  Previous work has focused on determining the 
contribution of these materials to the PAH loading in urban watersheds [6, 7, 29].  These studies have 
explained why PAH concentrations have increased in recent decades and what materials have been the 
largest contributors to elevated levels of PAHs in urban sediment. However, these studies have not 
addressed whether PAHs are lost from lake sediments after deposition and burial, or whether PAHs 
become more or less strongly bound and bioavailable. The objectives of this dissertation were to: 
 
1) Determine if PAHs associated with CMs deposited with lake sediments are lost to the water 
column and/or redistribute to more strongly sorbing CMs over time.  I hypothesize that very little 
PAHs will be lost to the water column over time due to the presence of strongly sorbing CMs.  I 
also hypothesize that a large fraction of PAHs associated with coal-tar pitch and asphalt CMs will 
redistribute to more strongly sorbing soot and charcoal CMs, thereby decreasing PAH 
bioavailability in the long term.  Redistribution to more strongly sorbing CMs is supported by 
sorption isotherms measured for PAHs on these CMs summarized from different studies by 
Ghosh et al. [8], who found that soot had the highest partition coefficient, followed by particulate 
charcoal, and lastly coal-tar pitch.   
2) Determine the relative rates at which individual PAHs are lost to the water column and/or 
redistributed amongst different CMs and sediments.  I hypothesize low molecular weight PAHs 
will be lost from sediments and redistribute among CMs more quickly than high molecular 
weight PAHs, due to smaller Kow values, greater solubility, and more rapid biodegradation of low 
molecular weight PAHs.  I also hypothesize that PAHs associated with coal-tar pitch and asphalt 
sealcoat will redistribute more quickly than PAH associated with charcoal and soot due to the 
weaker sorption capabilities of sealcoat.  This is supported by work from Ghosh et al., who found 
that PAHs associated with coal-tar pitch desorb more rapidly than PAHs associated with coal-
derived particles [8]. 
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3) Determine the relative importance of kinetic redistribution of PAHs among CM particles and lake 
sediment to the predicted equilibrium conditions of the system.  Studies have shown it takes 
significant time for PAHs to reach equilibrium [46, 48].  I hypothesize that the kinetics of PAH 
sorption will result in more PAHs being redistributed at early times among more weakly sorbing 
CMs (i.e., asphalt and sediment), and that PAH redistribution to more strongly sorbing CMs (i.e., 
soot and charcoal) will occur over longer time scales due to the slower mass transfer kinetics of 
these materials.  This is important from a management perspective, because reductions in 
bioavailability may take longer than expected due to early time redistribution among less strongly 
sorbing materials. 
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1.4 Dissertation Outline 
 
Chapter 2 is written as a manuscript that will be submitted for publication; it is entitled: “Fate of 
polycyclic aromatic hydrocarbons bound to carbonaceous materials in microcosms of urban lake 
sediment” with co-authors S. G. Esfahani, B.J. Mahler, P.C. Van Metre, and C.J. Werth.  This work 
addresses all three objectives outlined in Section 1.3 in a controlled laboratory study.  The redistribution 
of PAHs associated with coal-tar pitch, asphalt, charcoal, and soot in sediment was measured over 90 
days in a continuously mixed system.  A combined kinetic and thermodynamic (equilibrium) model was 
developed from the experiments to predict PAH redistribution after the 90 day experimental period to 
predicted equilibrium conditions. 
 
Chapter 3 contains in-depth details of the field methods used to collect sediment for experiments 
conducted in both Chapters 1 and 2.  Further descriptions of setup and deployment of the in-situ field 
study along with sample core retrieval and processing are also included.   
 
Chapter 4 is written as a manuscript that will be submitted for publication; it is entitled: “Fate of 
polycyclic aromatic hydrocarbons bound to carbonaceous materials deposited in urban lake sediments:  
An in situ two-year field study” with co-authors B.J. Mahler, P.C. Van Metre, and C.J. Werth.  This work 
primarily addresses objectives one and two.  CM particles of coal-tar pitch, asphalt, charcoal, and soot 
were loaded with tracer PAHs, mixed with lake sediment, loaded into a sample core, and returned to the 
lake for aging.  Sample cores were retrieved over 2 years and redistribution of PAHs between materials 
was measured.   
 
Chapter 5 contains a final summary of all work conducted as part of my dissertation, including the 
engineering significance of the findings as well as future work. 
 
Appendix A contains additional information to support Chapter 2. 
 
Appendix B contains additional information to support Chapter 4. 
 
Appendices C through F contain detailed descriptions of PAH analysis methods 
 
Appendix G contains sample data calculations 
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CHAPTER 2 
 
FATE OF POLYCYCLIC AROMATIC HYDROCARBONS BOUND TO 
CARBONACEOUS MATERIALS IN MICROCOSMS OF URBAN LAKE SEDIMENT 
 
2.1 Abstract 
 
Polycyclic aromatic hydrocarbon (PAH) concentrations in urban lake sediment have increased 
significantly in the past several decades [1], with major sources  identified as coal-tar pitch and soot [6, 
7].  Asphalt and charcoal have also been identified as PAH sources to urban lake sediment [6, 7].  To 
better understand the risks to aquatic life and fate associated with PAHs bound to these materials, a series 
of experiments were conducted to measure PAH redistribution between carbonaceous materials (CMs) 
and sediment under controlled conditions in the laboratory.  Particles of coal-tar pitch, asphalt, charcoal, 
and soot were loaded with deuterated PAHs (dPAHs) as tracers and equilibrated for 30 days.  Sediment 
and particles were mixed on a bottle roller for 90 days and samples were taken at designated times to 
measure redistribution of dPAHs among CMs and sediment.  Of all CMs, the greatest amount of 
desorption occurred from asphalt, which lost 74% of its mass of dPAHs by 90 days.  This was followed 
by charcoal (52.5%), soot (33.2%), and coal-tar pitch (19.4%).  Low molecular weight (3-ring) dPAHs 
associated with asphalt and coal-tar pitch were measured to desorb more than any other dPAH.  Sediment 
sorbed the greatest quantity of dPAHs followed by asphalt, soot, charcoal, and lastly coal-tar pitch.  Large 
sorption by asphalt was not expected based on distribution coefficients (Kd); therefore, a model was 
developed to compare redistribution at early experimental times to expected redistribution assuming 
equilibrium distribution.  Modeling results indicate dPAH sorption to CMs during the first several 
decades can vary significantly from dPAH distribution among CMs predicted at equilibrium, due to faster 
mass transfer kinetics between less strongly sorbing CMs.  The results of this study indicate that both 
mass transfer kinetics and equilibrium partitioning must be taken into account to develop accurate models 
to predict risks associated with PAHs bound to CMs in urban lake sediment. 
 
2.2 Introduction 
 
Polycyclic aromatic hydrocarbons (PAHs) are a concern in urban water bodies due to their toxicity and 
prevalence.  The concentration of PAHs in urban lake sediment has increased in some catchments 
undergoing rapid urbanization by as much as two orders of magnitude over the last 20 to 40 years [1].  
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PAH concentrations in urban lake sediments have frequently been measured  above the level at which 
adverse effects to aquatic life are likely to occur (22.8 mg/kg) [7, 16].  PAHs have been found to cause 
liver legions and tumors in fish, delayed emergence and inhibited reproduction in invertebrates, and 
reduced photosynthesis in plants [3-5].  The primary contributors to PAH loadings in urban lakes are 
carbonaceous materials (CMs) associated with urbanization, such as coal-tar pitch, asphalt, charcoal and 
soot; these were shown to contribute to overall PAH loadings in lake and streambed sediment [1, 6, 7, 29, 
30].  Coal-tar and asphalt sealcoat applied to pavements are worn away by tire action, runoff, and 
wind.  The eroded particles are transported to urban lakes by runoff and wind.  Soot and charcoal 
generated via combustion processes deposit on land surfaces and are similarly transported to urban lakes.  
A key question is what is the fate of PAHs associated with these CM particles over time in lake 
sediments?  
 
There are numerous studies that show that more strongly bound PAHs are less bioavailable [49, 50] and 
less available for partitioning to the water column [51].  Hence, the redistribution of PAHs among CMs 
could have an important effect on PAH toxicity and fate in urban lakes.  Redistribution of PAHs among 
CMs is determined by PAH mass transfer kinetics and equilibrium sorption.  Mass transfer kinetics 
affects the rate of PAH uptake and release from individual CM particles, while equilibrium sorption 
determines the ultimate distribution of PAHs.  Among the numerous studies that have considered the 
redistribution of PAHs among CM particles, the emphasis has been on the effects of equilibrium sorption 
[34, 39, 40].   Typically, sorption isotherms were measured on different types of CMs, and these were 
used to predict PAH redistribution.  For example, activated carbon was added to harbor sediments to 
reduce aqueous PAH concentrations, which also reduces bioavailability.  Six months after the addition of 
3.4 wt % activated carbon, there was an 84% reduction in aqueous PAH concentrations [51]. 
 
Among the CMs in urban lake sediments, those with larger fractions of diagenetically and/or thermally 
altered organic material, often called black carbon, are expected to sorb PAHs most strongly.  For 
example, soot and char bind PAHs very strongly [34], and are both created from the combustion of 
organic materials.  The former is created from combustion volatiles that condense to form a solid in the 
gas, while the latter is the residual left behind after burning woody materials.  Both have very rigid 
structures and defined pore spaces with a high capacity to sorb PAHs [23, 52].  Coal tar and asphalt bind 
PAHs less strongly than soot and char [32, 33].  Coal tar is produced during the coal coking process, and 
coal-tar pitch is a distillation residue of coal tar.  Coal-tar pitch is composed mainly of condensed ring 
aromatics (including high concentrations of PAHs), along with phenolic compounds and aromatic 
nitrogen bases [53].  Thus, coal tar, unlike most other CMs, contains high levels of PAHs on formation, as 
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opposed to being a sorption media for PAHs.  Asphalt is derived from the distillation of crude oil.  It is 
primarily composed of asphaltenes, saturated and aromatic compounds (such as PAHs), and resins [54].  
These solidified materials serve as less strongly sorbing partitioning media for PAHs compared to soot 
and char [32-34].  Recently deposited sediment organic material (rSOM) in lake sediments is generally 
considered to be the most weakly sorbing CM [55].  It is comprised of residual plant and animal remains, 
typically decomposed by microbial action, and has an amorphous structure that serves as a partitioning 
medium [23].  The equilibrium sorption distribution coefficient (Kd) for PAHs varies widely for different 
CMs, but generally follow Kd,rSOM < Kd,asphalt < Kd,coal tar < Kd,soot < Kd,charcoal, at environmentally relevant 
concentrations[32-34, 38].  Hence, PAHs are expected to redistribute to charcoal and soot over time. 
 
The objective of this study was to better understand the rates of redistribution of PAHs among CMs in 
urban sediment.  The approach was to measure PAH redistribution among CMs and urban lake sediment 
in a well-mixed system over 90 days.  The CMs investigated were coal-tar pitch, asphalt binder, charcoal, 
and soot.  Each CM was spiked with a unique set of three deuterated PAHs, ranging from low to high 
molecular weight.  The CMs were combined with sediment and mixed continuously for up to 90 days.  At 
selected time periods the CMs and sediment were separated, and analyzed individually for the deuterated 
PAHs.  The redistribution of PAHs between the CMs and sediment over time was determined, and the 
results were interpreted with a model that considers mass transfer kinetics and equilibrium sorption of 
PAHs to interpret the controlling mechanisms.  
 
2.3 Materials and Methods 
 
2.3.1 Materials 
 
Carbonaceous particles were formed with commercial coal-tar sealant (Sakrete blacktop sealer, mixture of 
coal-tar pitch high temperature, kaolin, silica, synthetic polymers, and asphalt), asphalt crack filler 
(Sakrete blacktop crack filler, 30-60 wt% asphalt, kaolin, silica, mica, alumiatesilicate, feldspar-group 
minerals, and titanium dioxide), charcoal (Frontier Brand natural hardwood lump charcoal), and n-hexane 
(Sigma Aldrich, >95%).  The coal-tar pitch and asphalt were supported on pumice (Hess Pumice 
Products, Inc.), and the soot in diatomaceous earth (Dionex).  Twelve deuterated PAHs were used as 
tracers: acenaphthylene-d8, fluoranthene-d10, chrysene-d12, benzo[b]fluoranthene-d12, 
benzo[k]fluoranthene-d12, indeno[1,2,3-cd]pyrene-d12, and benzo[ghi]perylene-d12, all from Cambridge 
Isotope Laboratories Inc. (98%), and acenaphthene-d10, phenanthrene-d10, anthracene-d10, pyrene-d10, 
and benz[a]anthracene-d12, all from Ultra Scientific (≥98%).  Solvents used for PAH extraction and 
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analysis were dichloromethane (Sigma Aldrich, ≥99.9%), acetone (Fisher Scientific, >99.5%), 
cyclohexane (Acros Organics, 99.8%), pentane (Fisher Scientific, >99%), n-hexane (Fisher Scientific, 
95%), and methanol (99.9%).  Surrogate standards (fluorene-d10, p-terphenyl-d14, and benzo[a]pyrene-
d12, Cambridge Isotope Laboratories Inc., 98%) and an internal standard (naphthalene-d8, Ultra 
Scientific, ≥98%) were used to account for losses during sample processing and analysis and variations in 
analytical instrument performance, respectively 
 
Lake sediment was collected from Whitnall Park Pond in Franklin, WI.  This pond was chosen as the 
source for sediment to help interpret complementary results of an in situ field study described in Chapter 
4.  Three sediment cores were taken from the deepest part of the lake using a weighted box corer (14×14 
cm
2
), which collected the top 15 to 20 cm of sediment (see [56] for details on box coring).  The three 
cores were mixed together to create a homogeneous sediment sample for all experiments.  Sediment was 
transported to the University of Illinois on ice within 48 hours, and then stored at 4 °C.  
 
2.3.2 Particle Formation 
 
Coal-tar pitch, asphalt, and soot particles were created using support materials.  CM support size (i.e., 
pumice and diatomaceous earth) and charcoal particle size were chosen to so that particles could be easily 
distinguished from each other by eye and as easily separated from lake sediment by sieving.  Both coal-tar 
pitch and asphalt were coated onto pieces of pumice, while soot was loaded into diatomaceous earth.  To 
create coal-tar pitch and asphalt particles, pumice pieces were sieved into two size fractions: 2.0-2.36 mm 
for coal-tar pitch supports, and 2.36-3.36 mm for asphalt supports.  The pumice supports were dipped in 
liquid sealcoat, excess material was gently shaken off, and the coated particles were left to dry on tin foil 
at room temperature. 
 
To generate soot, 20 mL of n-hexane was added to a 50-mL glass beaker with 30 mL of nanopure water 
(Barnstead NANOpure, 18.0 MΩ/cm).  The beaker was placed in a fume hood under a large glass funnel 
and the hexane was burned.  Soot deposited onto the glass funnel was collected and passed through a 
0.355-mm sieve.  Particle of diatomaceous earth sieved to a size greater than 1.18 mm in diameter were 
used as support for the soot particles.  Diatomaceous earth was rinsed in nanopure water and acetone to 
remove dust and dried at room temperature.  The rinsed diatomaceous earth was sieved again (>1.18 mm) 
to remove particles that broke apart during rinsing.  Soot was loaded onto diatomaceous earth following 
the method of Nguyen et al. [57].  Briefly, 5 g of diatomaceous earth and 5 mg of hexane soot were 
placed in a 40-mL glass vial sealed with PTFE lined septa.  This dry mixture was rotated end-over-end for 
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24 hr to embed soot into the diatomaceous earth.  Excess soot was removed with sequential rinses of 
nanopure water until the rinse water was clear. 
 
Charcoal particles were created by grinding hardwood lump charcoal with a mortar and pestle, and 
sieving the resulting particles to a 2.0-2.36-mm size range.  All CM particles were stored at room 
temperature in glass containers.   
 
2.3.3 Particle Loading 
  
Each type of CM was loaded with three unique deuterated PAHs (dPAHs).  The dPAHs chosen for each 
CM type varied in molecular weight and Kow from low to high.  Coal-tar pitch particles were loaded with 
acenaphthene-d10, benz[a]anthracene-d12, and benzo[b]fluoranthene-d12.  Asphalt particles were loaded 
with phenanthrene-d10, pyrene-d10, and benzo[k]fluoranthene-d12.  Charcoal particles were loaded with 
anthracene-d10, chrysene-d12, and indeno[1,2,3-cd]pyrene-d12.  Soot particles were loaded with 
acenaphthylene-d8, fluoranthene-d10, and benzo[ghi]perylene-d12.  A list of dPAHs and their properties 
can be found in Table A.1 in Appendix A. 
 
All dPAHs were exchanged to methanol prior to loading on CMs.  The dPAH standards were 
concentrated to 1 mL with a stream of N2, 4mL of methanol was added, the standards were concentrated 
again, and an additional 4 mL methanol was added.  Standards were concentrated to approximately 1 mL 
for a final time and stored in amber glass crimp top vials at 4 °C until use. 
 
Batches of 22 coal-tar pitch particles, 100 asphalt particles, 2.5 g charcoal, or 1.67 g of soot particles were 
placed in 40-mL glass vials with PTFE lined septa.  Vials were filled with 40 mL of nanopure water, and 
4.80 to 74.80 L of each dPAH standard was added.  The total volume of methanol added to each vial 
was always less than 0.3% of the total solution volume to prevent solvent effects on sorption [58].  Vials 
were rotated end-over-end once a day by hand for one month to equilibrate particles with dPAHs.  The 
mass of each dPAH added to the CMs was calculated to achieve a dPAH loading of approximately 3, 10, 
50, and 70% of native PAH concentrations in coal-tar pitch, soot, charcoal, and asphalt respectively.  The 
greater dPAH loading on CMs with smaller native PAH concentrations (i.e., charcoal and asphalt) 
reduced the mass of those CM particles that needed to be added to experiments while remaining within 
the detection limits of the analytical methods.  The resulting total dPAH concentrations were: 3,670 
mg/kg in coal-tar pitch, 135 mg/kg in soot, 7.75 mg/kg in charcoal, and 71 mg/kg in asphalt.  
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2.3.4 Experimental Setup 
 
100.4 ± 0.9 g of wet sediment was added to 125-mL amber serum bottles, capped with PTFE lined septa, 
and crimped closed.  The sediment was autoclaved to prevent biological degradation during experiments 
[59].  Briefly, sediment was autoclaved for 60 minutes at 121 °C and 103.4 kPa, incubated for 24 hours at 
room temperature, then autoclaved a second time.  Autoclaving sediment was found to have no significant 
impact on the sorption of TCE [60]; therefore, effects of autoclaving on PAH sorption are expected to be 
minimal.  Samples were allowed to cool to room temperature overnight and particles were mixed in the 
following day.  The amount of CMs added to the experiments was chosen to achieve similar mass loading 
of dPAHs associated with each CM type.  100 g of sediment was used in each experiment to replicate the 
conditions of sample cores used in the complementary field study described in Chapter 4.  Details of the 
experimental setup are presented in Table 2.1.  25 mL of 5 mM CaCl2 was also added to control ionic 
strength and to facilitate mixing.  Samples were placed on a bottle roller at 5 rpm and removed at time 
intervals of 1, 2, 4, 7, 14, 30, 60, and 90 days. 
 
Table 2.1: Experimental setup, “Total mass” is mass of particles added including support; “Mass of CM” 
does not include mass of supports.  There is no support for sediment or charcoal, masses are equivalent. 
dPAH abbreviations are: ACE-d (acenaphthene-d10), BaA-d (benz[a]anthracene-d12), BbF-d 
(benzo[b]fluoranthene-d12), PHN-d (phenanthrene-d10), PY-d (pyrene-d10), BkF-d 
(benzo[k]fluoranthene-d12), ANTH-d (anthracene-d10), CRY-d (chrysene-d12), IND-d (indeno[1,2,3-
cd]pyrene-d12), ACY-d (acenaphthylene-d8), FLAN-d (fluoranthene-d10), and BghiP-d 
(benzo[ghi]perylene-d12). 
 
2.3.5 PAH Analysis 
 
Sediment and particles were separated the same day they were removed from the roller.    Samples were 
emptied onto a mesh sieve and gently rinsed with nanopure water (Barnstead NANOpure, 18.0 MΩ/cm); 
sediment was rinsed away with the water and collected while particles remained on the sieve.  Particles 
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were separated by type and stored at 4 °C.  Sediment and charcoal and soot particles were freeze dried 
prior to storage. 
 
PAH extraction was conducted with a Dionex Accelerated Solvent Extractor (ASE 350) following EPA 
method 3545 for all materials except coal-tar pitch.  Samples were heated to 100 °C, pressurized to 1500 
psi, and extracted using a mixture of 50% dichloromethane and 50% acetone.  A microextraction method 
developed by Ghosh et al. [8] was used to extract coal-tar pitch particles.  Briefly, coal-tar pitch particles 
were placed through three consecutive rounds of sonication extraction at 50 °C in 1 mL of 50% 
dichloromethane and 50% acetone.  Surrogate standards (fluorene-d10, p-terphenyl-d14, and 
benzo[a]pyrene-d12) were added to all samples prior to extraction.  Detailed descriptions of extraction 
methods are included in Appendices C and D. 
 
Extracts from sediment and asphalt were cleaned using a modified version of EPA method 3630c.  
Briefly, extracts were exchanged to cyclohexane and then passed through a column of activated silica gel 
(Fisher Scientific) and anhydrous sodium sulfate (Sigma Aldrich, ≥ 99%).  Approximately 3.5 g of silica 
was used for sediment samples and 8 g for asphalt; 1.5 g of sodium sulfate was used for both materials.  A 
rinse of pentane equivalent to two bed volumes of the silica column was flushed through the column and 
discarded.  A second rinse of the same volume of two parts dichloromethane to three parts pentane was 
passed through the column and retained.  This sample was exchanged to dichloromethane and 
concentrated to approximately 0.5 mL using a stream of N2.  Detailed descriptions of the concentration 
and cleanup methods are included in Appendix E. 
 
Samples were analyzed with gas chromatography /mass spectroscopy (Agilent 7890B GC with a DB5-
MS capillary column and 5977A inert MSD).  An internal standard (naphthalene-d8) was added to each 
sample before GC/MS analysis to account for variations in instrument performance.  All samples were 
analyzed for the dPAHs loaded onto the CMs as well as surrogate and internal standards.  A subset of 
samples was also analyzed for EPA priority 16 PAHs.  A detailed description of the GC/MS analysis 
method and example data calculations are included in Appendices F and G.  
 
2.3.6 Carbon Content Analysis 
 
Total organic carbon, soft carbon, and black carbon contents were determined in sediment and CM 
samples.  To determine total organic carbon content in sediments, samples were freeze dried and treated 
with 1 M HCl to remove inorganic carbon.  Samples were rinsed three times with nanopure water to 
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remove excess HCl, freeze dried a second time, and analyzed for total carbon.  Black carbon content was 
measured in sediment samples following the modified CTO 375 method [61], in which freeze-dried 
sediments were combusted at 375 °C in excess air for 24 hr in a Thermo Scientific Lindberg Blue M 
furnace.  Combustion was followed by treatment with 1 M HCl to remove carbonates, and total carbon 
content was measured.  Carbon content was determined with a Thermo Fisher Scientific FLASH 2000 
Analyzer.  Total and black carbon content in CM samples were measured similarly, expect samples were 
not treated with HCl because they contained no or only minor amounts of inorganic carbon [53, 54].  Soft 
carbon was determined from the difference between total organic carbon and black carbon contents in 
samples.  Soft carbon refers to the fraction of total carbon that is easily combusted, and is expected to 
behave like a partitioning medium for PAHs [62]. 
 
2.3.7 Sorption Model Development 
 
A model was developed to estimate sorption and/or desorption from CMs and sediments over time, 
incorporating both kinetic and thermodynamic terms.  Data acquired from the experiments was used to fit 
the model for a low molecular weight dPAH (pehenathrene-d, PHN-d).  The model can be expressed as 
follows: 
 
Mass of PAH i (MPAH,i) in the system is assumed to be conserved: 
 
𝑑𝑀𝑃𝐴𝐻,𝑖
𝑑𝑡
= 0                                                            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.1) 
 
The change in mass in water (MPAH,i H2O) can be written as: 
 
𝑑𝑀𝑃𝐴𝐻,𝑖 𝐻2𝑂
𝑑𝑡
= 𝑉
𝑑𝐶𝑖
𝑑𝑡
                                                   (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.2) 
 
where the V is the volume of water and Ci is the concentration of PAH i in water.  The change in PAH 
mass on sorbing material j (MPAH,i,j) (i.e., coal-tar pitch, asphalt, charcoal, soot, and sediment) is: 
 
𝑑𝑀𝑃𝐴𝐻,𝑖 ,𝑗
𝑑𝑡
= −𝑘′𝑖,𝑗 (
𝑞𝑖,𝑗
𝐾𝑑 𝑖,𝑗
− 𝐶𝑖)                                         (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.3) 
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where qi,j is the sorbed concentration of PAH i on material j, Kd i.j is the equilibrium distribution 
coefficient for PAH i on material j, and k’i,j (vol/time) is the apparent mass transfer coefficient for PAH i 
on material j.  Kd i,j values are taken from literature, and k’i,j values are fitted using experimental data for 
qi,j.  According to Equation 2.1, the change in MPAHi,j can be summed for all phases and set equal to zero. 
 
𝑉
𝑑𝐶𝑖
𝑑𝑡
− ∑ 𝑘′𝑖,𝑗 (
𝑞𝑖,𝑗
𝐾𝑑 𝑖,𝑗
− 𝐶𝑖)
𝑗
= 0                                        (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.4) 
 
The implicit numerical solution for Equation 2.4 is: 
 
𝑉
𝐶𝑖
𝑡+1 − 𝐶𝑖
𝑡
∆𝑡
− ∑ 𝑘′𝑖,𝑗 (
𝑞𝑖,𝑗
𝑡+1
𝐾𝑑 𝑖,𝑗
− 𝐶𝑖
𝑡+1)
𝑗
= 0                              (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.5) 
 
Equation 2.3 can be rewritten to define how qi,j changes with respect to time. 
 
𝑑𝑞
𝑑𝑡
=
𝑘′𝑖,𝑗
𝑀𝐶𝑀,𝑗
(
𝑞𝑖,𝑗
𝐾𝑑 𝑖,𝑗
− 𝐶𝑖)                                            (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.6) 
 
where the mass of CM j is MCM,j.  Equation 2.6 is also solved implicitly. 
 
𝑞𝑖,𝑗
𝑡+1 − 𝑞𝑖,𝑗
𝑡
∆𝑡
=
𝑘′𝑖,𝑗
𝑀𝐶𝑀,𝑗
(
𝑞𝑖,𝑗
𝑡+1
𝐾𝑑 𝑖,𝑗
− 𝐶𝑖
𝑡+1)                             (𝐸𝑞𝑢𝑎𝑡𝑖𝑜𝑛 2.7) 
 
For the initial conditions, the concentration in water and the concentrations on the sorbing materials were 
assumed to be zero.  The initial concentration of PAH i on the desorbing material (asphalt) was taken 
from the experimental conditions at time zero.  Equations 2.6 and 2.7 were solved simultaneously.  The 
apparent mass transfer coefficients (k’i,j)  were determined by fitting the first 90 days of the model to 
experimental data using weighted least-squares summed for all j materials.  Values were weighted by time 
and inverse concentration squared.  Greater weight was assigned to later time measurements because 
PAH concentrations in sorbing materials increased with time, which resulted in concentrations further 
from analysis detection limits that were less variable.  Values were weighted by the inverse concentration 
squared in order to give weight to materials with much lower sorbed concentrations (e.g., charcoal and 
sediment), for which relatively large error would otherwise be negligible compared to other materials 
(e.g., asphalt and soot).  The model was then extended to equilibrium as determined by Kd i,j values.  
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Values used in the model (i.e., Kd i,j, MCM i,j, and V), along with the initial conditions, are in Table A.2 in 
Appendix A.  Sorption to charcoal and soot is expected to be nonlinear.  PAH adsorption to charcoal and 
soot can be described with Freundlich isotherms, using Freundlich parameters (KF and n) rather than Kdi,j.  
Therefore, this model is a simplification of nonlinear sorption that occurs in CMs, but is expected to 
capture the main trends in mass transfer kinetics and equilibrium sorption.  Also, the Kdi,j values used in 
the linear model were taken at water concentrations that fall within the range of the concentrations 
calculated with this model. 
 
2.4 Results and Discussion 
 
2.4.1 dPAH Transfer to Sediment 
 
The greatest source of dPAHs detected in sediment was asphalt, accounting for 50% of mass transferred 
to sediment at 90 days (Figure 2.1).  This was followed by transfer from coal-tar pitch (19%) and charcoal 
(13%).  This is consistent with Kd,asphalt < Kd,coal tar < Kd, charcoal [32-34].  The low and medium molecular 
weight asphalt-associated dPAHs, phenanthrene-d (PHN-d) and pyrene-d (PY-d), were the largest 
individual contributors at 25.7% and 18.7% of dPAHs in sediment at 90 days.  These were followed 
closely by the low molecular weight coal-tar pitch dPAH acenaphthene-d (ACE-d) at 14.5%.  All other 
dPAHs contributed 6% or less to the total mass of dPAHs in sediment. 
 
There was a large initial movement of soot-associated dPAHs (ACY-d, FLAN-d, and BghiP-d) to 
sediment at one day, but otherwise no substantial increase in mass of soot-associated dPAHs in sediment 
during the rest of the 90-day experiment (Figure 2.1a).  The majority of this initial transfer was likely a 
result of the breakdown of soot particles caused by sample processing—a small amount of soot particles 
were noticed to break apart on the sieve while samples were separated.  These fines were then washed 
away with the sediment fraction and likely resulted in elevated levels of soot-associated dPAHs in 
sediment.  As the transfer of soot-associated dPAHs to sediment showed no apparent trend with time, it is 
excluded from the remaining discussion on trends in redistribution to sediment (dPAH transfer to 
sediment over time from only soot-associated dPAHs is presented in Figure A.1a in Appendix A).   
 
dPAHs associated with both coal-tar pitch and asphalt moved to sediment as expected based on molecular 
weight and Kow (Figures 2.1b and 2.1c).  The low molecular weight dPAHs, which are the most soluble 
and have the lowest Kow, moved most readily to sediment and the high molecular weight dPAHs moved 
the least readily.  The mass of low molecular weight dPAHs (PHN-d and ACE-d) in sediment were larger 
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than medium molecular weight dPAHs (PY-d and BaA-d), which were larger than high molecular weight 
dPAHs (BkF-d and BbF-d) (Figures 2.1b and 2.1c).  On average, PHN-d accounted for 59.5% of asphalt 
dPAHs in sediment, PY-d for 33%, and BkF-d for 7.5%.  Coal-tar pitch associated dPAHs in sediment 
were similarly distributed with ACE-d accounting for 65.3%, BaA-d for 28%, and BbF-d for 6.5%.  This 
trend did not apply for dPAHs associated with charcoal; the medium and high molecular weight dPAHs 
(CRY-d and IND-d) accounted for on average 43% and 45% respectively, while the low molecular weight 
dPAH ANTH-d accounted for only 12% on average (transfer of only charcoal-associated dPAHs to 
sediment is shown in Figure A.1b in Appendix A).  There was no significant desorption of ANTH-d from 
charcoal until 60 days, and no significant loss of mass from the system.  ANTH-d was the only linear 
dPAH in the system, and therefore had the smallest minimum cross-sectional diameter.  This may have 
resulted in more favorable sorption to small pores in charcoal compared to the medium and high 
molecular weight dPAHs.  
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Figure 2.1: Total mass of dPAHs measured in sediment (a), dPAHs in sediment associated with only asphalt (b) and coal-tar pitch (c).  dPAHs 
associated with coal-tar pitch are shown in green, with asphalt are shown in red, with charcoal are shown in blue, and with soot are shown in grey.  
No dPAHs were measured at time zero on the sediments, as the CMs had not yet been mixed with sediments.  Trend lines are shown in (b) and (c) 
to facilitate data interpretation.  Standard deviations are given as error bars.  Deuterated PAH abbreviations are: acenaphthene-d10 (ACE-d), 
benz[a]anthracene-d12 (BaA-d), benzo[b]fluoranthene-d12 (BbF-d), phenanthrene-d10 (PHN-d), pyrene-d10 (PY-d), benzo[k]fluoranthene (BkF-
d), anthracene-d10 (ANTH-d), chrysene-d12 (CRY-d), indeno[1,2,3-cd]pyrene-d12 (IND-d), acenaphthylene-d8 (ACY-d), fluoranthene-d10 
(FLAN-d), and benzo[ghi]perylene-d12 (BghiP-d).
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2.4.2 dPAH Transfer between Carbonaceous Materials 
 
The average total mass of dPAHs spiked on asphalt (∑MdPAH3 = PHN-d + PY-d + BkF-d) decreased by 
74% (or 7.2 g) over 90 days (Figure 2.2a), while those spiked on charcoal (Figure 2.2b), soot (Figure 
2.2c), and coal-tar pitch (Figure 2.2d) decreased by 52.5% (4.1 g), 33.2% (3.1 g), and 19.4% (2.4 g) 
respectively.  There was a large initial drop in mass of spiked dPAHs on soot after 1 day (Figure 2.2c).  
This was likely due to soot particles breaking apart during sample processing and accumulating in 
sediment, as discussed previously.  As such, trends in soot are considered starting at day one and data 
from day zero is excluded.  The relatively small decrease in total dPAH mass on coal-tar pitch particles is 
a result of the increased mass of the heavy molecular weight dPAH BbF-d.  Coal-tar pitch particles were 
the only source of BbF-d; therefore, the increased mass of BbF-d on coal-tar pitch particles at 60 and 90 
days was most likely a result of inconsistent dPAH loading at time 0.  Greater dPAH losses from asphalt 
are consistent with greater gains of these same dPAHs in sediments (Figure 2.1).  The results suggest that 
asphalt sorbs PAH less strongly that charcoal and soot, which is consistent with literature results of 
equilibrium distribution coefficients.  
 
Among the three dPAH lost from asphalt, PHN-d had the greatest decrease (84%), followed by PY-d 
(70%) and BkF-d (51%).  This trend is consistent with PHN-d being the lightest, most soluble, and least 
hydrophobic (i.e., lowest Kow) dPAH, while BkF-d is the heaviest, least soluble, and most hydrophobic.   
Similar trends in dPAHs lost were observed for soot and coal-tar pitch.  For example, soot lost 38% of its 
low molecular weight dPAH (ACY-d), 31% of its medium molecular weight dPAH (FLAN-d), and 28% 
of its high molecular weight dPAH (BghiP-d), while coal-tar pitch lost 78.5% of its low molecular weight 
dPAH (ACE-d) and 20% of its medium molecular weight dPAH (BaA-d).  Charcoal did not follow the 
same trend.  It lost 60% of the high dPAH (IND-d), 56% of the medium dPAH (CRY-d), and 34% of the 
low molecular weight dPAH (ANTH-d).  As previously noted, the low molecular dPAH for charcoal is 
ANTH-d; it is the only linear dPAH in the system, with the smallest minimum cross sectional diameter, 
and it might sorb more strongly to small pores in charcoal.  
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Figure 2.2: Mass of originally loaded dPAHs on CMs a) asphalt, b) charcoal, c) soot, d) coal-tar pitch.  
Error bars represent one standard deviation. 
 
All CMs except coal-tar pitch show a significant increasing trend with time of dPAH mass sorbed (Figure 
2.3).  The mass of dPAH transferred to asphalt particles was significantly greater than dPAH transfer to 
any other CM.  Among CMs, on average 53% of dPAHs that desorbed at a given time were sorbed by 
asphalt, 33% by soot, 10% by charcoal, and 4% by coal-tar pitch.   At 90 days, the dPAH mass transferred 
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to asphalt was 2.5 times greater than soot, 4 times greater than charcoal, and over 20 times greater than 
coal-tar pitch.  The total dPAH mass transferred to asphalt increased six-fold from 0.13 ± 0.03 to 0.81 ± 
0.05 g from day 1 to 90.  The total mass of dPAH transferred to soot almost tripled from 0.14 ±0.17 g 
on day 1 to 0.32 ± 0.04 g on day 90.  The mass of dPAHs transferred to charcoal increased by 6 times 
from 0.03 ±0.02 to 0.20 ± 0.05 g from day 1 to 90.  Based on Kd values, asphalt was not expected to 
sorb more dPAHs than any of the other CMs (Kd,asphalt < Kd,coal tar < Kd,soot < Kd,charcoal).  However, greater 
sorption to charcoal and soot compared to coal-tar pitch is consistent with expected Kd values.  
Preferential sorption to soot over charcoal may be due to the greater surface area of soot particles present 
in the system, and smaller size of the soot particles.  
 
The majority of dPAHs transferred between CMs was from coal-tar pitch.  Between 1 and 90 days, an 
average of 46% of the dPAH mass transferred between CMs was from coal-tar pitch.  This was mainly 
due to the large uptake of coal-tar pitch associated dPAHs by asphalt.  At earlier times, transfer to 
charcoal was also dominated by coal-tar pitch associated dPAHs.  Asphalt-associated dPAHs were the 
next most mobile, on average accounting for 27% of dPAHs transferred.  This was followed by soot-
associated dPAHs (18.5%), and lastly charcoal-associated dPAHs (8.5%).  The majority of dPAHs 
associated with asphalt transferred to soot, and asphalt-associated dPAHs were also sorbed in greater 
amounts by charcoal at later times.  Among CMs, almost all of the mobile soot-associated dPAHs sorbed 
to asphalt, while charcoal associated-dPAHs were mainly sorbed to soot.  As mentioned previously, coal-
tar pitch and asphalt are less strongly sorbing based on literature Kd values.  The greater mobility of 
dPAHs associated with these materials was consistent with the Kd values; however, that asphalt 
dominated as the sorbing phase was not. 
 
The low molecular weight dPAHs associated with coal-tar pitch and asphalt were the most mobile.  On 
average, ACE-d (coal-tar pitch associated dPAH) accounted for 40% of the mass of dPAH transferred 
between 1 to 90 days and PHN-d (asphalt-associated dPAH) for 17%.  This is consistent with these 
dPAHs being associated with the less strongly sorbing materials, being more soluble, and having smaller 
Kow values.  The next most mobile dPAH was not another low molecular weight one; it was FLAN-d, the 
medium molecular weight dPAH associated with soot (11% of mass transferred).  The reason for the 
larger redistribution of the FLAN-d compared to ACY-d could be due to the greater mass of FLAN-d 
loaded onto soot compared to ACY-d (Figure 2.2a), which resulted in more mass of FLAN-d being 
available for redistribution.  There was a greater reduction in mass of ACY-d on soot from day 1 to 90 
(38%) compared to reduction of mass of FLAN-d (13%).  So although the total redistributed mass of 
FLAN-d was greater than ACY-d, ACY-d was lost from soot more readily than FLAN-d.
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Figure 2.3: dPAH mass transferred to a given CM originating from other CMs.  Error bars represent one standard deviation. 
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2.4.3 Combined Kinetic and Thermodynamic Mass Transfer Model 
 
Mass transfer was modeled for one theoretical low molecular weight dPAH.  PHN-d was chosen due to 
the availability of distribution coefficients of phenanthrene in literature as well as the substantial transfer 
of PHN-d measured to all CMs.  The experimental data used to fit the model as well as the fitted model 
are presented in Figure 2.4.  As the sorbed concentration on asphalt decreases (Figure 2.4a), the 
concentrations on CMs and sediment increase (Figure 2.4b and 2.4c).  The total mass of dPAH in system 
was calculated for all times (Figure 2.4d) as the mass must be conserved according to Equation 2.1 
(Methods).  The apparent mass transfer coefficients (k’i,j) for CMs and sediment were determined by 
fitting the model (as described in the Methods section) are presented in Table 2.2.   
 
Figure 2.4: Modeled sorbed concentrations (line) of PHN-d compared to measured values (open circles), 
a) asphalt and water, b) coal-tar pitch and soot, c) charcoal and sediment, and d) mass in system is 
conserved.  
 
Asphalt and sediment had the largest k’ values, meaning transfer to these materials was the fastest.  This 
was followed by charcoal, soot, and coal-tar pitch.  The materials which are less strongly sorbing based 
on equilibrium Kd values (i.e., asphalt and sediment) had the largest k’ values.  This shows that the 
a) 
c) 
b) 
d) 
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partitioning at early times does not necessarily reflect expected equilibrium distribution.  In other words, 
the kinetic trends at early times may vary considerably from thermodynamic trends at equilibrium.  This 
is more apparent in Figure 2.5, in which the model is extended to later times.  There is a sharp increase in 
sorbed concentrations on sediment, coal-tar pitch, and soot peaking at 0.3, 2.4, and 3.75 years respectively 
(Figure 2.5a).  The concentrations decline steadily after these peaks, reaching calculated equilibrium 
concentrations after 150 years (Figure 2.5b).  This time frame is comparable to Jonker et al., who 
modeled desorption of 99% of phenenthrene from charcoal and soot to take 22-587 years [46].  The 
equilibrium time is also consistent with Ghosh and Hawthorne who found particles of coal, wood, and 
coal-tar pitch taken from sediment samples were not at equilibrium after decades of aging in the field, and 
thus PAH mass transfer between the particle types was still ongoing [63].  
 
The concentration of PHN-d in water is modeled to drop by over 50% by day 100 (Figure 2.4a) and by an 
order of magnitude when equilibrium is reached (Figure 2.5b).  PAHs in the aqueous phase are available 
to aquatic life; therefore, the decrease in the aqueous concentration as a result of sorption to other phases 
(i.e., coal-tar pitch, soot, charcoal, and sediment) indicates a decrease in bioavailability.  Sequestration of 
PAHs in sediment may be explained in part by the redistribution of PAHs to more strongly sorbing phases 
in natural mixed-sediment.  The four CMs of this study are present in lake sediments.  For example, Yang 
et al. found the mass percent of CMs in sediment from Lake Como, TX to be up to 0.1% charcoal, 3.2% 
coal-tar pitch, 11.1% asphalt, and 20.9% soot [6].   Therefore, the results of the redistribution model are 
applicable to natural-mixed sediment, although the final PAH distribution will depend on the types and 
amounts of CMs present in sediment. 
 
 
Table 2.2: Fitted apparent mass transfer coefficients for phenanthrene-d. 
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Figure 2.5: Modeled sorbed concentrations after four years (a) and equilibrium (b), open circles mark 
concentrations predicted at equilibrium based on Kd values.  PHN-d concentration in water plotted on 
right axis in Figure b. 
 
2.4.4 Carbon Content Analysis 
 
Results of the carbon content analysis (Table 2.3) provide useful information for further interpretation of 
partitioning trends.  Sediment had the lowest total organic carbon content (6.2 wt%), the majority of 
which was soft carbon (5.4 wt%).  Coal-tar pitch and asphalt had statistically similar total organic carbon 
a) 
b) 
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contents just over 50 %wt.  However, asphalt contained much less black carbon (0.3 wt%) compared to 
coal-tar pitch (1.9 wt%).  Charcoal and soot had much higher total organic carbon (72.4 and 91.4 wt%), 
with most of this being black carbon (53.7 and 76.3 wt%).  Sorption to soft carbon is expected to involve 
fast, non-competitive absorption, while sorption to black carbon is expected exhibit slow, competitive 
adsorption [23, 62].  The comparatively large amount of dPAH sorption measured in asphalt and sediment 
compared to charcoal and soot is consistent with these mechanisms, as well as the larger mass transfer 
coefficients calculated for asphalt and sediment compared to charcoal and soot.  The mass transfer 
coefficient for coal-tar pitch was smaller than all other materials.  This could be a result of the small 
number of coal-tar pitch particles in the system, which resulted in a smaller amount of surface area 
available for sorption and greater distance between particles compared to the other CMs.  Also, the larger 
black carbon content in coal-tar pitch compared to asphalt may have contributed to the reduced dPAH 
sorption to coal-tar pitch, as sorption to black carbon is proposed to be slower.  Also, Nelson et al. 
observed the formation of a film at the coal tar-water interface during aging in water, which was proposed 
to cause reduced mass transfer from coal tar [64].  It is possible that such a film formed around coal-tar 
pitch particles during dPAH loading and subsequent aging with sediments and other CMs. 
 
Table 2.3: Total organic, black, and soft carbon content wt%. 
 
2.5 Summary and Conclusions 
 
Significant dPAH desorption was measured from all CMs, with asphalt losing 73.9% of originally loaded 
dPAHs after 90 days, charcoal losing 52.5%, soot 33.2%, and coal-tar pitch 19.4%.  Desorption from 
asphalt and coal-tar pitch was greatest for low molecular weight dPAHs and smallest for high molecuar 
weight dPAHs.  This is consistent with increased solubility and lower Kow in lighter dPAHs.  The final 
mass distribution of dPAHs in the system is presented in Figure 2.6.   
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Figure 2.6: Mass balance of all dPAHs at 90 days, dPAHs associated with asphalt are in red, with coal-tar 
pitch are in green, with charcoal are in blue, and with soot are in grey.  Total mass of CM-associated 
dPAHs on all sorbing materials are given. 
 
The largest mass of dPAHs transfer was to sediment.  Sediment was the largest phase in the system, and 
therefore was the most well distributed and had the largest surface area available for sorption.  Of the 
CMs, asphalt sorbed the greatest mass of dPAHs, sorbing an average of 53% of dPAH mass excluding 
that in sediment.  This was followed by soot (33%), charcoal (10%) and coal-tar pitch (4%).  Based on Kd 
values [33, 34], asphalt was not expected to sorb more dPAHs than charcoal and soot.  However, results 
of the redistribution model show at early times the kinetics of sorption favor sorption to asphalt over 
charcoal and soot.  This is consistent with sorption mechanisms proposed by Luthy et al. [62] in which, 
absorption to soft carbon, the major carbon fraction in asphalt, is fast while adsorption to black carbon, 
the major fraction in soot and charcoal, is slow. 
 
From a management perspective, asphalt and coal-tar pitch are the materials of greatest concern.  This is 
due to the rapid desorption of PAHs, as indicated by the large amount of dPAH desorption from both 
materials, particularly low molecular weight dPAHs.  As low molecular weight PAHs are often toxic [14], 
acutely toxic conditions in sediment as a result of fast PAH desorption from coal-tar pitch and asphalt 
particles may be the largest PAH risk to aquatic life.  This conclusion is consistent with toxicity studies 
on coal-tar sealcoat runoff in which a positive correlation was found between mortality and proportion of 
tricyclic PAHs (i.e., low molecular weight) in runoff [65].  Our results show that PAHs desorbed by less 
strongly sorbing materials such as asphalt and coal-tar pitch will redistribute to other materials over time.  
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Although this time frame may be decades or longer, risk of PAHs associated with CMs was modeled to 
decrease over time as PAHs redistribute to more strongly sorbing phases. 
 
This was a well-mixed system, in which partitioning to coal-tar pitch and asphalt is more favorably 
affected by the mixing than adsorption to charcoal and soot.  To better represent the mixing conditions in 
lake sediment, an in situ field study was also conducted and results are presented in Chapter 4.  A 
comparison of redistribution trends will be conducted between the in situ field study and the well-mixed 
system presented here.  
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CHAPTER 3 
 
EXTENDED FIELD METHODS 
 
3.1 Abstract 
 
An in situ field study was conducted in Whitnall Park Pond in Franklin, WI to determine the fate of PAHs 
bound to carbonaceous materials (CMs) in urban lake sediment.  Sediment was collected from the lake, 
mixed with particles of CMs on site, loaded into sample cores, and returned to the top layer of lake 
sediment for aging.  CM particles were loaded with deuterated PAH tracers prior to mixing with sediment 
to make it possible to track PAH redistribution between materials.  Sample cores were successfully 
retrieved at 0.5, 1, 1.5, and 2 years by divers.  A detailed description of the field methods and initial 
sample processing is included. 
 
3.2 Introduction 
 
An in situ field study was conducted to evaluate the redistribution of PAHs associated with carbonaceous 
materials (CMs) in urban lake sediment.  The bioavailability of contaminants, such as PAHs, can be 
reduced in the presence of strongly sorbing CMs [49, 50] and lower the risk to aquatic life.  Therefore, 
from a management perspective, it is helpful to understand the effects CMs have on contaminant sorption 
and the time scale of redistribution in sediment.  There have been many studies which measured PAH 
sorption to sediment and CMs in the laboratory (e.g., [39, 40, 48, 51]).  In these studies, sediment samples 
were retrieved and bioavailability, isotherm, and/or kinetic experiments were conducted in a controlled 
environment.  The findings from these works give valuable insight into PAH sorption mechanisms.  
However, field studies also are needed in order to determine the effects of strongly sorbing CMs on 
contaminant fate in situ.  A limited number of field studies have been conducted, mainly focusing on the 
effects of activated carbon (AC) amendments on PCBs (e.g., [66, 67]) and PAHs in sediment [68, 69] and 
PAHs in soil [70]. 
 
An in situ field study was conducted by Cho et al. to determine the feasibility of using AC amendments to 
reduce PCB availability in contaminated sediment [66].  AC was mixed into the top 30 cm of sediment at 
a 2.0-3.4 wt% loading.  This treatment proved to be effective, with PCB uptake from sediment reduced by 
50% 13 months after AC treatment as measured with in situ semi-permeable membrane devices, and 
equilibrium aqueous concentrations reduced by 90% 18 months after treatment [66].  There have been 
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other in situ studies with AC following this work.  PAH contaminated sediments in Trondheim harbor 
(Norway) were capped with activated carbon.  Capping reduced PAH fluxes from sediment to water 2-10 
fold, and pore water concentrations by up to 50% over a one year sample period [69].  One year after 
capping, sediment cores from the in situ capping area were taken and ex situ bioaccumulation experiments 
were conducted [68].  Results showed PAH bioaccumulation in clams was reduced by 81% and in worms 
by 79% in the capped sediments.  Significant reductions in PAH concentrations in pore water and 
overlying water also were measured. 
 
A mass transfer model was developed by Choi et al. to predict the effectiveness of in situ AC amendment 
on hydrophobic organic contaminates (HOC) in ten field sites [71].  The results showed AC treatment at ≤ 
5 wt% reduced pore water concentrations by >95 % 15 years after amending in 18 out of 25 test cases.  
Although the majority of these test cases were for PCBs, five cases involved PAHs in which the pore 
water concentrations for PAHs were reduced by >90% after 3 years and by >98% after 15 years.  
Although AC is more strongly sorbing than the CMs of interest in this field study (i.e., coal-tar pitch, 
asphalt, charcoal, and soot), the results of the field and modeling studies reviewed here show the presence 
of strongly sorbing materials can have significant effects on aqueous phase and bioavailable 
concentrations of HOCs, such as PAHs, in lake sediment.   
 
The objective of this chapter is to describe new methods that were developed for an in situ field study to 
measured PAH redistribution in sediment and CMs.  Four types of CM particles (coal-tar pitch, asphalt, 
charcoal, and soot) were each loaded with three unique deuterated PAHs (dPAHs).  These CM particles 
were mixed with lake sediment, loaded into sample cores, placed into the top layer of sediment of the lake 
at the field site, and allowed to age in the lake for up to two years.  Sample cores were retrieved at various 
times and redistribution of dPAHs among materials was measured.  A detailed description, including 
photographs, of the sediment collection, sample core construction, deployment and retrieval, and 
processing follows. 
 
3.3 Materials and Methods 
 
3.3.1 Carbonaceous Particle Formation 
 
CM particles of coal-tar pitch and asphalt were created by coating supporting materials with liquid 
pavement sealants, tapping off excess liquid, and allowing the particles to dry at room temperature.  
Sakrete blacktop crack sealer (mixture of coal-tar pitch high temperature, kaolin, silica, synthetic 
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polymers, and asphalt) was used to create coal-tar  pitch particles and Sakrete Crack Filler (30-60 wt% 
asphalt, 7-13 wt% kaolin, 3-7 wt% silica, 1-5 wt% mica, aluminum silicate, and feldspar-group minerals, 
and 0.1-1 wt% titanium dioxide) was used to create asphalt particles.  The supports used for coal-tar pitch 
particles were 3-mm glass beads; supports for asphalt were pumice pieces which had been sieved to a size 
range of 2.36-3.36 mm.  Using different supports made it easier to distinguish the sealcoat particles from 
each other.  Charcoal particles were created by crushing natural hardwood charcoal (Frontier Brand 
natural hardwood lump charcoal), and sieving the resulting particles to a size range of 2.36-3.36 mm. 
 
The process for creating soot particles was more involved.  First, the support diatomaceous earth (DE) 
particles were prepared, then hexane soot was generated, and finally the hexane soot was loaded onto the 
DE.  DE was sieved to >1.18 mm, rinsed in nanopure water (Barnstead NANOpure, 18.0 MΩ/cm) to 
remove dust, and in acetone to remove any organic substances.  Rinsed DE was allowed to dry in a fume 
hood at room temperature and then stored in a glass container in a desiccator at room temperature.  Soot 
was generated by burning n-hexane (Fisher Scientific, >95%) in a fume hood under a glass funnel and 
collecting the soot that deposited onto the funnel.  20 mL of n-hexane and 30 mL of nanopure water were 
added to a 50-mL glass beaker.  This beaker was placed in a small metal dish filled with a thin layer of 
sand for safety purposes should the beaker tip or crack.  A large glass funnel was secured on a ring stand 
about one inch above the glass beaker.  A second glass beaker was placed over the top of the funnel to 
collect any soot that escaped the funnel.  Soot was scraped off the funnel and beaker, and brushed through 
a 0.355 mm sieve.  Soot was stored in a glass container, in a desiccator at room temperature.  Soot was 
supported onto DE following Nguyen et al. [57].  Briefly, 5 mg of soot and 5 g of diatomaceous earth 
were loaded into 40-mL glass vials with PTFE lined septa.  Vials were mixed end-over-end for 1 day to 
embed the soot particles into the DE.  Nanopure water was added to the vials to rinse away excess soot.  
Vials continued to be rotated end-over-end with the rinse water for up to 14 days or until there was no 
more free soot released from the particles.  Soot laden water was drained from the vials every day and 
replaced with clean water.  Images of all particles are presented in Figure 3.1. 
 
 
Figure 3.1: Images of CM particles, scale bar is 1 cm: a) coal-tar pitch supported on glass beads, b) 
asphalt supported on pumice, c) charcoal particles, and d) soot supported in diatomaceous earth. 
 
a) 
b) 
c) 
d) 
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3.3.2 Particle Loading 
 
Each particle type was loaded with three unique deuterated PAHs (dPAHs) of varying molecular weight 
and Kow (Table 3.1).  Prior to loading, dPAH standards were exchanged from the stock solvent to 
methanol.  Particles were loaded in batches in 40-mL glass vials capped with PTFE lined septa.  These 
batches consisted of 35 particles of coal-tar pitch, 150 particles of asphalt, 2.5 g of charcoal, or 5 g of 
soot.  Vials were filled with 0.5 mM CaCl2 to control ionic strength and dPAHs were added.   Between 
15-250 L of the appropriate dPAH was added to each batch, ensuring that the total volume of standard 
added was always less than 1% of the total solution volume to prevent any significant solvent effect on 
sorption [58].  The volume of dPAH standard added to each vial was calculated to achieve loadings of 
approximately 2%, 4%, 50%, and 60% of native PAH concentrations of coal-tar pitch, soot, charcoal, and 
asphalt respectively.  Higher loadings were used for the CMs with smaller native PAH concentrations, 
charcoal and asphalt.  This reduced the amount of CM particles that needed to be prepared as well as the 
mass of CMs added to the samples.  The final dPAH loadings were 2,000 mg/kg on coal-tar pitch, 60 
mg/kg on soot, 8 mg/kg on charcoal, and 60 mg/kg on asphalt. 
 
Table 3.1 Summary of dPAHs loaded onto CMs, Log Kow values from Mackay et al. [12]. 
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3.3.3 Description of the Field Site 
 
Whitnall Park Pond, a small reservoir, in Franklin, WI was chosen as the field site (42°58’35”N, 
88°01’56”W).  This site was chosen because it is surrounded by urban development and historical data on 
PAH concentration in sediment is available.  Satellite images of Whitnall Park Pond and the surrounding 
area are included in Figure 3.2.  Whitnall Park Pond is immediately surrounded by Whitnall Park Golf 
Course and Whitnall Park, which encompass 253.7 ha [72].  Residential development and some 
commercial development border the park and golf course, including parking lots and driveways coated in 
sealcoat.  Whitnall Park Pond is fed by direct runoff as well as a small creek.  The Whitnall Park Pond 
encompasses 6.5 ha and has a maximum depth of 3 m and an average depth of 1.8 m [73].  It is part of the 
Root River Watershed, which has a drainage area of approximately 513 km
2
 [74], of which about 58 km
2
 
drains through the lake [75].  Land use in the Root River Watershed is comprised of agriculture (54%), 
grasslands (18%), urban area (16%), barren and shrub land areas (6%), and wetlands (6%) [74]. 
 
 
Figure 3.2: Satellite images of Whitnall Park Pond (a) and surrounding area (b).  Areas of sediment 
collection and sample core deployement are marked.  The drainage area to the pond is from the lower left 
(southwest). 
 
3.3.4 Sediment Collection 
 
Ten box cores were collected from the deepest part of the lake on May 29, 2013.  Six of the box cores 
were used to provide sediment for the in situ field study.  The remaining four were collected to provide 
sediment for the parallel well-mixed laboratory experiments.  A small boat was fitted with a custom-built 
gravity-driven box corer (Figure 3.3a).  The box corer included a polybuterate liner (14 cm × 14 cm × 50 
cm) surrounded by a steel frame.  The box corer was suspended from an aluminum A-frame which was 
constructed over the boat (Figure 3.3b).  The corer was raised to the top of the A-frame using a hand 
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wench and allowed to free fall.  A spring pin released jaws at the bottom of the corer when the corer 
penetrated the sediment.  As the corer was lifted using the wench, the jaws closed below the sediment 
sample, and the sample was lifted to the surface.  The weight of the corer allowed sediment cores 15-20 
cm in depth to be recovered.  One or two cores were retrieved with each trip to the coring site.  Cores 
were transported to shore upright and immediately subdivided into four intervals by depth.  Further 
details on boxing coring methods can be found in Van Metre et al. [56]. 
 
 
Figure 3.3: Boat used for collecting box cores (a), and (b) close up of box corer suspended from A-frame. 
 
Box cores were divided into four depths: 0-5 cm, 5-10 cm, 10-14 cm, and >14 cm.  This was done by 
setting the core on a wooden frame the same size as the inner dimensions of the core liner that functioned 
as a piston to push up the sediment (Figure 3.4a).  The sediment rested on a Teflon pad inside the wooden 
frame and a short piece of box core liner was aligned on top.  The core liner was slowly pulled down until 
the desired depth of sediment was pushed into the short liner (Figures 3.4b and 3.4c).  A metal plate was 
inserted between the box and short liners to separate the sediment (Figure 3.4d).  Each sediment interval 
was placed into a 5-gallon bucket.   
 
 
Figure 3.4: Sediment core is placed on a wooden frame (a), the core liner is pushed down the frame (b), to 
push desired depth of sediment into a short liner (c), which is separated from the core (d). 
a) b) 
a) b) c) d) 
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The sediment-filled buckets were left in a covered area over night and the excess water at the surface was 
decanted off the following morning.  The thickened sediments were well mixed before use, and before 
subsamples were placed in 2.5 L amber glass jars with PTFE lined lids.  Subsample jars were returned to 
the University of Illinois on ice within 24 hours and stored at 4 °C pending chemical analysis. 
 
3.3.5 Sample Core Construction 
 
Reconstructed sediment cores for deployment in Whitnall Park Pond (hereafter referred to as “sample 
cores”) were created by mixing sediment from each depth interval with prepared CM particles, loading 
the mixed sediments into sample cores at the same depth interval, and placing the cores back into the lake 
for aging.  Sample cores were made of 3” (7.62 cm) schedule 40 PVC piping.  Cores were fixed to ¾” 
(1.91 cm) PVC plates which rested on the sediment surface with the core protruding into the sediment 
below the plates.  Plates were 90 cm long and 60 cm wide, with large holes cut into them to make the 
plates lighter and easier to position in the lake.  The sample cores were 20 cm long, with a 5-cm long 
conical bottom end made of solid PVC. The tops of the cores were covered with PVC end caps attached 
with PVC cement.  Holes were drilled into the caps of most cores to allow exchange with the overlying 
water column.  To allow exchange with the surrounding sediment, rows of narrow horizontal slits were 
cut into the cores.  Three columns of approximately 60 slits were evenly spaced around the cores.  The 
slits were 7.5 cm wide, 2 mm tall, and separated from each other by 1 mm.  The cores just described will 
be referred to as open sample cores.  Another type of core, a closed core, was also deployed.  The closed 
core was made of the same materials and had the same dimensions as the open core; however, no slits 
were cut into the core and no holes drilled into the end caps.  This prevented exchange with sediment and 
the overlying water column.  Figures 3.6-3.8 provide photographs of the sample cores. 
 
Fourteen cores were placed in the lake.  Ten of these were open sample cores and four were closed 
sample cores (Table 3.2).  Open and closed sample cores containing sediment mixed with dPAH loaded 
CM particles are called “Mixed Open Cores” and “Mixed Closed Cores”.  The purpose of deploying both 
open and closed cores was to measure the difference in dPAH redistribution between sample cores that 
were allowed to exchange with surrounding sediment and the water column and cores that prevented this 
exchange.  Open sample cores containing only sediment (i.e., no CM particles), called “Blank Control 
Cores”, and open sample cores containing sediment and CM particles with no dPAHs, called “noD Open 
Cores” were also deployed.  The purpose of these samples was to provide a baseline comparison to 
sediments and CMs with no dPAHs. 
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Table 3.2: Description of sample cores placed in Whitnall Park Pond.  “x” and “xx” indicate the number 
of samples per depth interval for Native Sediments and Mixed Controls, or the number of cylindrical 
sample cores retrieved at a given time period for all core samples.  Red x’s mark sample cores which 
could not be found. 
 
3.3.6 Sample Core Loading and Deployment 
 
The masses of CMs added to each depth interval were chosen to result in similar masses of CM-
associated dPAHs and to be large enough for dPAH loadings to be above detection limits of the analytical 
methods.  This resulted in the addition of 8 coal-tar pitch particles, 50 asphalt particles, 1.7 g of charcoal, 
and 4.5 g of diatomaceous earth loaded with soot to each depth interval.  The average weight of one coal-
tar pitch particle was 38.6 mg, of which only 1 mg was coal-tar pitch, with the remainder being the glass 
bead support.  Similarly for asphalt, one particle was 24.6 mg on average, with 9.3 mg of that coming 
from the asphalt coating.  Soot accounted for 1.094% of the total weight of the soot-loaded diatomaceous 
earth.  Based on these values, the mass loading of each material per depth interval was 8 mg of coal-tar 
pitch, 0.465 g asphalt, 1.7 g charcoal, and 49 mg of soot.  The total mass of CM (excluding supports) was 
less than 5% of the mass of sediment. 
 
Sediments were mixed with CM particles loaded with dPAHs with stainless steel spatulas in pint-sized 
glass mason jars.  CMs were transported to the field site in small glass vials containing the appropriate 
amount of one type of CM for one core depth interval and a small amount of the solution in which the 
particles were equilibrated (Figure 3.5a).  These glass vials were either amber or wrapped in foil to 
prevent photolytic degradation of dPAHs during transport and sample preparation.  The equilibrating 
solution was decanted and particles were emptied into the mason jars (Figure 3.5b).  The vials were rinsed 
with lake water to ensure all particles in the vials were transferred to the mixing jar.  Once all particles 
were emptied into the glass jar, the rinse water was decanted.  All decanted water was collected in waste 
containers and returned to the University of Illinois for disposal.  Next, the mason jars were filled with 
sediment and gently mixed to evenly distribute CMs (Figure 3.5c). 
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Two of these sediment-CM particle mixtures from each of the depth intervals were saved (for a total of 
eight samples or the equivalent of two sample cores), brought back to the University of Illinois on ice, and 
then stored at 4 °C.  These samples are referred to as “Mixed Controls”.  These control cores were used to 
determine how dPAH redistribution was affected by mixing sediment and particles in the field, and 
sample separation and handling in the lab, independent of subsequent redistribution in the lake bottom. 
 
 
Figure 3.5: CM particles were transported to the field site separately (a), particles were emptied into a 
glass mason jar (b), and mixed (c). 
 
Sediment mixed with particles was loaded into sample cores that had been wrapped with transparency 
sheets to prevent sediment from leaking through the slits cut into the cores (Figure 3.6a).  A 1/16” (0.16 
cm) mesh fiber glass screen was placed between depth intervals and on top of the final interval.  This 
allowed for sample cores to be divided back into the original depth intervals for analysis and to separate 
the mixed sediment samples from any sediment that deposited in the cores over the aging period.  Sample 
cores were fixed into the PVC plates (Figure 3.6b) and caps were glued on the top (Figure 3.6c).   
 
Individual cores and plates were labeled with an indelible marker prior to deployment.  A different 
number of holes were drilled into each plate in order to differentiate plates in case the labels faded in the 
lake over the 2-year aging period.  Lastly, a short length of 1” PVC was attached to the top of the plate 
(Figure 3.6b and 3.6c).  Large notches were cut into the PVC to indicate when the sample should be 
pulled from the lake (e.g. 1 year, 2 years, etc.).  Marking the plates in this manner made it possible for 
divers to identify the correct samples for retrieval in the poor visibility conditions of the lake. 
 
 
a) b) c) 
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Figure 3.6: Sediment mixed with CM particles was loaded into sample cores (a), cores were fixed to PVC 
plates (b) and caps were glued onto the tops of the cores (c). 
 
Sample cores were secured to the boat and transported upright out to the lake two at a time (Figure 3.7a).  
The location chosen for sample core deployment was a protected area of the lake with minimal current, 
highlighted in Figure 3.2a, which made it easier to control core placement.  The transparency sheet was 
removed, cores were slowly lowered in the water column, and placed into the top layer of sediment with 
the help of divers (Figure 3.7b).  Buoys were attached to three of the sample core plates and tied off just 
below the water surface to facilitate sample core location at a later date.  A long line of rope was attached 
to one of the PVC plates, run along the bottom of the lake, and tied off on shore.  Cores were left to age in 
the lake for 0.5, 1, 1.5, and 2 years.  Details on which cores were retrieved at each time period are given 
in Table 1. 
 
 
Figure 3.7: Sample cores were returned to the lake upright (a), and divers pushed the cores into the top 
layer of sediment (notice the PVC plate and core caps visible just below the water surface) (b).   
 
3.3.7 Sample Core Retrieval 
 
Samples were retrieved by divers (Figure 3.8a).  Sample cores were pulled from the lake and transported 
upright to shore (Figure 3.8b).  Open cores were covered with transparency sheets to prevent sediment 
a) b) c) 
a) 
b) 
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from escaping the sample cores during processing and transport to the lab.  Cores were cut from the PVC 
plates with a jig saw (Figure 3.8c), placed in large plastic bags, kept on ice, and transported to the 
University of Illinois within 48 hours.  Care was taken to ensure cores were always upright to preserve the 
depth layers.  Upon arrival at the university cores were immediately frozen upright and stored at -20 °C 
until processed. 
 
 
Figure 3.8: Cores were retrieval by divers (a), and taken to shore being careful to keep cores upright (b).  
Sample cores were cut from the PVC plates and stored on ice in coolers (c). 
 
The first round of retrieval occurred after approximately 0.5 yr of aging, on November 3, 2013.  Only one 
of the three buoys used to mark the cores was found.  In addition, the rope attached to the samples and 
tied off on shore had been cut.  As a result, only one sample core was retrieved, a Closed Mixed Core.  
The original plan was to collect four sample cores at this time.  As only one core was found, the original 
sampling plan was shifted back and an additional sampling time was added at 1.5 yr, assuming the 
remaining cores could be located. 
 
The second round of retrieval occurred on May 26, 2014, when sample cores had aged less than 1 year. 
During this retrieval, the divers located all but one core platform that was originally deployed.  The 
platform that could not be found held one Closed Mixed Core and one Open Mixed Core that were 
scheduled to be retrieved during this (1 year) sampling time.  One Mixed Open Core was removed from 
the lake, and the remaining located samples were marked with tennis balls attached with rope to 3-foot 
(0.91 m) lengths of 1” (2.54 cm) PVC.  Divers pushed the PVC into the sediment next to all remaining 
plates.  The length of rope was adjusted so that the tennis balls floated just below the surface of the water.  
An anchor was dropped close to the samples, and a long length of chain was run to shore and padlocked 
to a tree.  Marking samples in this manner ensured they could be found in the future. 
 
a) 
b) c) 
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The largest number of cores was retrieved from the lake on October 22, 2014, during the 1.5 year 
sampling time.  Eight cores were pulled from the lake, including duplicates of the Mixed Open Core, 
Blank Control Core, Mixed noD Open Core, and Mixed Closed Core.  The final two cores (Mixed Open 
Cores) were retrieved on July 7, 2015, 2 years after their initial placement in the lake.  At this time all 
remaining buoys and markers were also removed. 
 
3.3.8 Sample Core Processing and Separation of Materials 
 
Sample cores were frozen to maintain the structure of the depth layers while cores were cut open.  Frozen 
sample cores were cut open vertically with a band saw.  Care was taken to cut through only the PVC so 
that sediment remained undisturbed.  A chisel was used to pry open the cores.  Samples cores were 
covered and allowed to thaw at 4 °C (Figure 3.9).  The mesh screens kept the depth layers separate 
(Figure 3.9a).  Closed cores had no exchange with surrounding sediment, and the original structure of the 
depth layers was well maintained (Figure 3.9a).  The slits in the open cores allowed for exchange with 
surrounding sediment which resulted in two noticeable differences from the closed cores.  First, sediment 
was deposited on top of the original sample-core sediment.  The mesh screens that were placed at the top 
of the sample sediment before deployment allowed for differentiation of the deposited sediment (Figure 
3.9b).  The bottom four layers are the original +14, 10-14, 5-10, and 0-5 cm depth intervals (starting from 
the left).  The top layer is sediment that deposited into the core via holes cut into the caps over 2 years of 
aging.  Approximately 5 cm of sediment (20% of total sample-core sediment volume) was deposited in 
the core shown in Figure 3.9b.  Second, the sediment compacted inside the cores.  The height of the 
original depth intervals is shorter in the Mixed Open Core compared to the Mixed Closed Core.  The 
added weight of newly deposited sediment may have caused some of the original sediment to squeeze out 
of the slits cut into the cores during retrieval. 
 
46 
 
 
Figure 3.9: Sample cores after being cut open and thawed, a) Mixed Closed Core retrieved at 1.5 yr and b) 
Mixed Open Core retrieved at 2 yr. 
 
After the sediment was thawed, materials in each layer were separated.  This was done by placing the 
samples onto a 20-mesh sieve and gently rinsing the sample with nanopure water.  The water washed 
away the sediment leaving the CM particles on the sieve (Figure 3.10a).  Particles were separated by hand 
with tweezers and stored separately.  The sediment washed from the particles was collected and also 
stored.  Some of the soot particles broke apart during sieving and collected in the sediment.  This can be 
seen in Figure 3.10b.  The small white flecks in the sediment are fragments of soot particles that passed 
through the sieve.  The impacts of this on experimental results are discussed in Chapters 2 and 4.  
 
There was also noticeable flaking of coal-tar pitch from the glass beads.  This prompted the use of a 
different support material for the controlled, well-mixed experiments presented in Chapter 2.  Use of 
pumice as the support for coal-tar pitch particles resulted in improved coal-tar pitch recovery.   Further 
discussion on the impacts coal-tar pitch particle breakdown had on the results is in Chapter 4.   
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Figure 3.10: CM particles collected on the sieve after rinsing with nanopure (a), sediment collected with 
rinse water (b). 
 
3.4 Conclusions 
 
Successful deployment of the field study was completed on May 30, 2013.  Fourteen sample cores were 
placed into the top layer of sediment and aged for 0.5 to 2 years.  Although there were difficulties during 
the first round of sample core retrieval on November 3, 2013, improved marking of all cores significantly 
improved the retrieval process at later times.  The structure of the sample cores was successfully 
maintained with the mesh screens placed between depth intervals.  There was some breakdown of coal-tar 
pitch and soot particles.  The stability of coal-tar pitch particles was much improved in the controlled 
well-mixed experiments presented in Chapter 2, by using pumice instead of glass bead supports.  The 
results from the in situ field study are presented in Chapter 4.  The methods outlined in this chapter can be 
used in future field studies to measure in situ redistribution of contaminants in sediment. 
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CHAPTER 4 
 
FATE OF POLYCYCLIC AROMATIC HYDROCARBONS BOUND TO 
CARBONACEOUS MATERIALS DEPOSITED IN URBAN LAKE SEDIMENTS:  AN IN 
SITU TWO-YEAR FIELD STUDY 
 
4.1 Abstract 
 
Polycyclic aromatic hydrocarbon (PAHs) are ubiquitous and toxic pollutants in urban settings, yet the 
relationship between PAH fate and bioavailability, and carbonaceous materials (CMs) present in lake 
sediments is not well understood.  The fate of PAHs bound to CMs associated with urbanization in lake 
sediment was measured with a two year in situ field study.  Particles of coal-tar pitch, asphalt, charcoal, 
and soot were loaded with deuterated PAHs (dPAHs) as tracers.  These four types of CM particles were 
mixed with lake bottom sediment collected at Whitnall Park Pond in Franklin, WI.  20-cm PVC sample 
cores were filled with the CM-sediment mixture and inserted into the top layer of sediment.  Sample cores 
were retrieved over 2 years and the redistribution of dPAHs between CMs and bulk sediment was 
measured.  No significant loss of dPAH from CMs was measured, which indicates the majority of dPAHs 
loaded on the CM particles were relatively immobile over 2 years.  Small amounts of dPAH desorption 
did occur, mainly from coal-tar pitch and asphalt particles.  The largest fraction of mobile dPAHs at 2 
years redistributed to bulk sediment (72.5 ± 3.5%), and smaller amounts redistributed to soot (9.1 ± 
2.8%), charcoal (8.8 ± 1.7%), and asphalt (8.2 ± 1.3%) , and lastly coal-tar pitch (1.4 ± 0.4%).  Greater 
desorption from coal-tar pitch and asphalt particles is consistent with these CMs being less strongly 
sorbing than charcoal and soot based on literature distribution coefficients.  However, asphalt particles 
sorbed similar quantities of dPAHs as charcoal particles.  The large amount of sorption to asphalt could 
be due to rapid partitioning to the soft carbon fraction of asphalt.  Calculated equilibrium distributions of 
dPAHs were different than the measured distributions over the 2-year study, with the majority of dPAHs 
redistributing to charcoal at modeled equilibrium.  This indicates the kinetics of PAH redistribution in 
sediment at early times is not well described by equilibrium distribution and that equilibrium conditions 
will not be reached for many years. 
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4.2 Introduction 
 
Concentrations of polycyclic aromatic hydrocarbons (PAHs) in urban lake sediment have been increasing 
in catchments undergoing rapid urbanization over the last several decades, and in some cases the increase 
has been as much as two orders of magnitude [1].  The primary PAH sources are carbonaceous materials 
(CMs) associated with urbanization, such as coal-tar pitch and soot [6, 7, 29, 30].  Asphalt and charcoal 
also contribute to PAH loading in urban lake sediment [6, 7].  Among these, coal-tar pitch has been 
shown to be a dominant contributor in catchments where coal-tar based pavement sealcoat used [6, 7, 31].  
The trend of increasing PAH concentrations in urban lake sediments is a concern because of  the known 
toxicity of selected PAHs, such as benzo[a]pyrene [76].  If PAHs persist in urban lake sediments and 
remain biologically available, their negative impact on ecological and human health might continue to 
increase.  Hence, it is important to know whether PAHs associated with urban lake sediments are lost to 
the water column, degrade, and/or redistribute to more tightly binding (i.e., less biologically available) 
CMs over time.  It is also important to know the time scales of these processes, so that ecological and 
human risk can be quantified.  
 
PAHs are generated to greatly varying degrees during CM formation [77].  Coal-tar pitch is the liquid 
residue that forms during coal coking; it is used in pavement sealcoat for aesthetics and to protect asphalt 
surfaces from wear.  Asphalt is a by-product of crude oil distillation, and asphalt binder is used 
extensively with rock aggregate in road construction and in pavement sealcoat products. Coal-tar and 
asphalt sealcoats are worn from pavement as small particles by friction from tires, and weathering from 
temperature changes, sunlight, and precipitation [78]. Soot is formed when organic volatiles of 
combustion re-condense upon cooling; sources include automobiles, some industries, and power plants  
[23].  Another CM of interest is charcoal, due to its periodic occurrence in sediments [6, 79] and because 
of its potential use as an amendment to more strongly bind PAHs in sediments to reduce ecological risk 
[80].  Charcoal is formed from partially combusted or charred wood, and wood-burning and forest fires 
are common sources. Charcoal and soot are deposited either directly from combustion residues onto land, 
or from atmospheric deposition. All CM particles are transported overland with runoff from precipitation 
events, and to a lesser extent by wind, into urban lakes, where they accumulate in the sediment column.  
For example, Yang et al. found soot, asphalt, coal-tar pitch, and charcoal contributed up to 20.1, 11.1, 3.2, 
and 0.1% respectively to the mass of CMs in surface sediments in Lake Como in Fort Worth, TX [6].   
 
PAH concentrations in coal-tar sealcoat are typically orders of magnitude higher than concentrations in 
other CMs.  The median concentration of the 16 EPA priority PAHs (CPAH-16) in a variety of raw coal-tar 
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sealants was measured to be >50,000 mg/kg [81].  The PAH concentration in the coal-tar sealant used in 
this study was measured to be 104,084 mg/kg.  PAH concentrations as high as 83,000 mg/kg have been 
measured in coal-tar sealcoat 6 days after application, and as high as 9,900 mg/kg in coal-tar sealcoat 4 
years after application [29].  The PAH concentrations in asphalt are orders of magnitude lower than the 
concentrations in coal-tar sealant.  The median CPAH-16 of a variety of raw asphalt-based products was 
measured to be 50 mg/kg [81], and the asphalt product used in this study has a concentration of 85.7 
mg/kg.  Median PAH concentrations in dust swept from seal-coated parking lots in areas that 
predominately use coal-tar based and asphalt-based sealcoats were 2,200 mg/kg and 2.1 mg/kg, 
respectively [82].  PAH concentrations in soot vary from 60 mg/kg (CPAH-11) [46] to 3,730 mg/kg (this 
study), and those in charcoal from 15 mg/kg (this study) to 44 mg/kg (∑CPAH-11) [46].   
 
The contributions of different CMs to PAHs loadings in urban sediment have been quantified 
experimentally [6, 29, 30] and estimated through modeling [7, 31].  Quantitative petrographic analysis 
coupled with measurements of PAH concentrations on CM particles determined that PAHs from coal-tar 
pitch dominated sediment loadings (e.g., up to 83.6% of PAHs) in a Fort Worth, TX lake, followed by 
those from soot (up to 44.9%) and then asphalt (up to 5.6%) [6].  The EPA Chemical Mass Balance 
(CMB) receptor model [7] was used to determine the sources of PAHs in sediments of 40 urban lakes.  
Results estimated that coal-tar sealcoat was the largest contributor to PAH loadings (average contribution 
to sediment loading was 50%), followed by soot from vehicle emissions and then coal burning [7].  A 
similar model was used to determine PAH sources in sediments of storm water ponds in the Minneapolis-
St. Paul, MN metropolitan area; coal-tar sealcoat was estimated to contribute 67.1% of PAH loadings and 
vehicle-related sources contributed 29.5% [31]. 
 
Sorption of PAHs in sediment has been shown to be strongly affected by the presence of CMs such as 
soot [61], charcoal [8], and coal-tar pitch [8, 40].  The accumulation of PAHs in urban lake sediments 
over several decades suggests PAHs remain primarily bound to CMs, and losses to the water column, 
benthic or higher organisms, and/or degradation are small on the time scale of years, but this has not been 
directly evaluated.  The time scales and extent of PAH redistribution among different CMs is more 
difficult to judge. Laboratory studies indicate that PAHs spiked into well-mixed batch reactors can reach 
equilibrium with coal-tar pitch, soot, and charcoal particles on the time scale of weeks to months (e.g., 
[34, 40, 57, 83]).  Such studies also indicate that PAHs bind more strongly (i.e., greater Kd values) to soot 
and charcoal than coal tar and asphalt [32-34, 40].  Hence, there may be redistribution of PAHs among 
different CMs following deposition in bottom sediment, including to solid phase natural organic matter in 
sediments.  However, potentially stagnant pore water and larger particle sizes in natural systems 
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compared to previously mentioned studies correspond to greater mass transfer length scales, so PAH 
redistribution may be substantially slower in situ.  
 
The overall objective of this work was to evaluate the short-term fate of PAHs associated with coal-tar 
pitch, asphalt, charcoal, and soot particles in bottom sediment.  Sediments were initially taken from 
Whitnall Park Pond, in Franklin, WI using a box corer, amended with laboratory-prepared CM particles 
containing natural abundance and/or deuterated PAHs, and thoroughly mixed.  The sediments were then 
placed into one of fourteen cylindrical PVC cores, and pushed back into the lake sediments.  Slots were 
cut into many of the cores to allow water exchange with the surrounding sediments, and some cores were 
completely sealed.  The cores were removed from the lake after aging for 0.5 to 2 years, and the different 
CM particles and sediment were separated. PAH concentrations on each of the different CM types and in 
bulk sediment were measured, and PAH losses and redistribution among CM particles were evaluated.  
This work represents the first time that PAH losses and redistribution have been quantified in situ on a 
time scale of years, and was made possible by use of different deuterated PAHs as tracers. 
 
4.3 Materials and Methods 
 
4.3.1 Materials 
 
Materials used for CM particle formation were a commercial coal-tar based sealant (Sakrete blacktop 
sealer, mixture of coal-tar pitch high temperature, kaolin, silica, synthetic polymers, and asphalt), an 
asphalt crack filler (Sakrete blacktop crack filler, 30-60 % asphalt by weight, kaolin, silicon dioxide, 
mica, aluminum silicate, feldspar-group minerals, titanium dioxide), barbeque charcoal (Frontier Brand 
natural hardwood lump charcoal), n-hexane (Sigma Aldrich, >95%), 3-mm soda lime glass beads (VWR), 
diatomaceous earth (Dionex), and pumice (Hess Pumice Products, Inc.).  Deuterated PAHs (dPAHs) used 
as tracers were acenaphthylene-d8, fluoranthene-d10, chrysene-d12, benzo[b]fluoranthene-d12, 
benzo[k]fluoranthene-d12, indeno[1,2,3-cd]pyrene-d12,  and benzo[ghi]perylene-d12 from Cambridge 
Isotope Laboratories Inc. (98%), and acenaphthene-d10, phenanthrene-d10, anthracene-d10, pyrene-d10, 
and benz[a]anthracene-d12 from Ultra Scientific (≥98%).  dPAHs were exchanged to methanol (Fisher 
Scientific, 99.9%) prior to loading.  The deuterated standards were concentrated to 1 mL with a stream of 
N2, 4 mL of methanol was added, standards were concentrated a second time, an additional 4 mL of 
methanol was added, and the standards were concentrated a final time to approximately 1 mL.  Solvents 
used for PAH extraction and analysis were dichloromethane (Sigma Aldrich, ≥99.9%), acetone (Fisher 
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Scientific, >99.5%), cyclohexane (Acros Organics, 99.8%), pentane (Fisher Scientific, >99%), and n-
hexane (Fisher Scientific, 95%). 
 
4.3.2 Particle Formation 
 
Coal-tar pitch and asphalt particles were created by coating support material with thin layers of the 
corresponding sealcoat products, and allowing them to dry.  Briefly, the support material (glass was the 
support for coal-tar pitch, and pumice for asphalt) was dipped in liquid sealcoat, excess liquid was shaken 
off, and the particles were allowed to dry on aluminum foil for up to 2 hours at room temperature.  
Charcoal particles did not require a support, and were crushed and sieved to obtain a size range between 
2.0 and 2.36 mm.  Soot was created by adding 20 mL of n-hexane to a 50-mL glass beaker that contained 
30 mL of nanopure water (Barnstead NANOpure, 18.0 MΩ/cm).  The n-hexane was burned in open air 
under a glass funnel.  Soot that deposited on the funnel was scraped off and passed through a 0.355-mm 
sieve.  Following Nguyen et al., [57], 5-mg batches of this soot were placed into 40-ml bottles with 5 g 
diatomaceous earth support, and mixed end-over-end for 1 day to embed the soot into the diatomaceous 
earth.  The particles were then rinsed to remove free soot, so that only the diatomaceous earth support 
with embedded soot remained.  CM supports and charcoal sieve size were selected so that they could be 
easily separated from fine lake sediments with a sieve, and easily separated from one another by eye.   
 
4.3.3 Particle Loading 
 
Each type of CM particle was loaded with three different dPAHs that ranged from low to high molecular 
weight (Table 4.1).  Batches of 35 coal-tar pitch particles, 150 asphalt particles, 2.5 g of charcoal, and 5 g 
of diatomaceous earth loaded with soot were placed in 40-mL glass vials filled with 40 mL of nanopure 
water and capped with PTFE lined septa.  15 to 250 L of dPAHs in methanol were added to each vial 
and allowed to equilibrate for 1 month while mixing daily by rotating end-over-end.   Because methanol 
was always <1% of the total solution volume, no significant effect on sorption was expected [58].  The 
native PAH concentrations on CMs were 3730 mg/kg on soot, 104,084 mg/kg on coal-tar pitch, 15.7 
mg/kg on charcoal, and 85.7 mg/kg on asphalt.  The mass of each dPAH spiked into the vials was 
calculated to achieve an approximate loading of 1.5%, 2%, 51%, and 70% of native PAH concentrations 
on soot, coal-tar pitch, charcoal, and asphalt respectively.  This corresponded to loadings of 60 mg/kg on 
soot, 2,000 mg/kg on coal-tar pitch, 8 mg/kg on charcoal, and 60 mg/kg on asphalt.  Higher loadings were 
used on materials with smaller native PAH concentrations in order to reduce the amount of particles that 
needed to be added while still falling above the detection limits of the analytical methods.   
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Table 4.1: Deuterated PAHs used to spike particles. 
 
4.3.4 Sediment Collection 
 
Whitnall Park Pond, a fairly typical small urban reservoir, was chosen as the field site because it is in an 
urban location and data is available regarding historical PAH sediment concentrations.  Whitnall Park 
Pond is 6.5 ha  with a maximum depth of 3 m and an average depth of 1.8 m [73].  It has a drainage area 
of approximately 57 km
2
 [75].  The area immediately surrounding the lake is woodlands (Whitnall Park) 
and a golf course (Whitnall Park Golf Course) (Figure 4.1a).  Upstream from the park and golf course the 
watershed is largely residential with some commercial development (Figure 4.1b) 
 
 
Figure 4.1: Satellite images of Whitnall Park Pong (2a) and surrounding area (2b).  Locations of sediment 
sampling sites are highlighted in 2a. 
 
Six box cores were taken from the lake (location outlines in Figure 4.1a).  Box core samples were 14x14 
cm
2
 and 15 to 20 cm deep.  Coring methods are given in Van Metre et al. [56].  Each box-core sample 
was sectioned into four depth intervals: 0-5 cm, 5-10 cm, 10-14 cm, and >14 cm.  The same depth 
intervals from all six box core samples were combined to create four uniformly-mixed composite 
sediment samples.  The different depth intervals were all very fine grained and gray-brown in color, and 
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bulk sediment density increased with depth.  A small portion of the composite sediments from each depth 
interval was placed into a vial, put on ice, transported to the University of Illinois within 48 hours, and 
stored at 4 °C until analysis; these served as controls to determine PAH concentrations and trends on 
native sediments (i.e., those not amended with CMs), and for comparison to PAH measurements taken on 
sediments from the same lake in a previous study.  These are referred to hereinafter as “Native 
Sediments.” 
 
4.3.5 Cylindrical Core Sample Construction 
 
A split of composite sediments from each depth interval were mixed with the prepared CM particles, put 
into one of twelve cylindrical PVC cores at the corresponding depth interval, and placed back into the 
lake for aging.  Cores were 20 cm long and made of Schedule 40 3” PVC, which has an inner diameter of 
7.793 cm and a minimum wall thickness of 0.549 cm (Figure 4.2).  The bottoms of the cores were capped 
by lathe-machined, PVC conical ends that extended 5 cm beyond the cores.    The tops of the cores were 
sealed with caps that were attached using PVC cement.  Three columns of approximately 60 horizontal 
slits were cut into the sides of most cores to allow pore-water and solute exchange with the surrounding 
sediment; these are called open cores.  The slits were 7.5 cm wide by 2 mm tall and separated by 1 mm.  
6-mm diameter holes were drilled through the top caps to allow water and solute exchange with the 
overlying water column.  Cylindrical cores with no horizontal slits or drilled top-cap holes (i.e., closed 
cores) also were created to prevent water and solute exchange with sediment outside the cores; pore water 
in these cores was assumed to be stagnant.  Cylindrical cores were paired and fixed to a PVC plate that 
rested on the sediment surface.  The PVC plate was 1.9 cm thick, 90 cm long, and 60 cm wide, and had 
cut out sections to reduce weight and facilitate handling during placement.   
 
 
 
 
 
Figure 4.2: Sample core design. 
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4.3.6 Cylindrical Core Sample Packing and Placement 
 
The mass of each CM type added to composite sediments was chosen to achieve a similar mass of 
deuterated PAHs on CMs at each depth interval in the cylindrical core.  This translated to approximately 
0.31 g of coal-tar particles, 1.23 g of asphalt particles, 1.53 g of charcoal particles, and 4.51 g of soot 
particles added to 47.9 ± 11.093 g dry wt (standard deviation) of sediment particles per depth interval.  
Native PAH concentrations in sediment ranged from 18.70 mg/kg at the depth interval of 0-5 cm to 7.73 
mg/kg at the depth interval of >14 cm.  The total deuterated PAH mass loadings from the added particles 
were approximately 5 to 14% of the total native PAH masses already present in the sediments of the core, 
depending on depth.   
 
To prepare the sediment plus CM mixtures, subsamples of composite sediment from each depth interval 
and amended CMs were gently mixed in 500-mL containers.  A small portion of these materials were 
placed into vials, put on ice, transported to the University of Illinois within 48 hours, and stored at 4 °C.   
These stored samples were separated by material (i.e., sediment, coal-tar pitch, asphalt, charcoal, and 
soot) within 7 days of being mixed at the field site (separation method outlined in the Sample Core 
Retrieval and Storage section).  Designated as “Mixed Control”, these samples served as controls to 
determine redistribution of PAHs on CM particles and sediments due to mixing in the field, and sample 
handling and separation in the lab. 
 
Sample cores were created with different characteristics and objectives and aged in Whitnall Park Pond 
for varying times (Table 4.2).  Sediment mixed with CM particles was loaded into the cylindrical PVC 
cores in 4- to 5-cm intervals, i.e., depth intervals. Open cores (i.e., with horizontal slits) with these 
materials are designated “Mixed Open Cores”, and closed cores (i.e., no horizontal slits) with these 
materials are designated “Mixed Closed Cores”.  The same procedure was repeated with open cores using 
subsamples of composite sediment mixed with CMs that were not amended with dPAHs (“Mixed-NoD 
Open Cores”).  Finally, an open core was loaded with composite sediment only (no CM addition) (“Blank 
Control Core”).  After each depth interval was placed in a core, it was overlain by a 1/16” (0.16 cm) mesh 
fiber glass screen to separate it from the overlying depth interval.  This allowed samples to be easily 
separated into their original depth intervals after retrieval.   
 
Sample core preparation and packing resulted in homogenous sediment structure of the original sediment.  
This was unavoidable, as the amended CM particles needed to be uniformly mixed with sediment.  
Duplicate cores were prepared for all conditions.  However, one core pair could not be located after 
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placement, and consequently only one core is shown for the Mixed Closed Core at 0.5 years and the 
Mixed Open Core at 1 year.  
 
 
Table 4.2: Conditions of all samples, “x” and “xx” indicate the number of samples per depth interval (i.e., 
Native Sediments and Mixed Control) or number of cylindrical cores (e.g., Mixed Open Cores) retrieved 
at the given time period. 
 
Open cores were wrapped with plastic transparency sheets during packing to prevent leakage of sediment 
from slits prior to placement.  All cores were transported upright on a boat to the sample site (Figure 
4.1a).  The wrapping was removed, and scuba divers lowered the upright cores through the water column 
and gently pushed the cores into sediment until the PVC plate sat flush with the top of the sediment.  The 
cores were marked with buoys made of long sections of PVC pipe that were pushed into the sediment 
next to the cores.  Tennis balls were attached to the PVC markers with rope and tied off to float just below 
the water surface.  
 
4.3.7 Sample Core Retrieval and Storage 
 
The sample cores were retrieved from the lake over a 2-year period.  Scuba divers removed the cores 
from the lake using care to keep all cores upright during retrieval.  The retrieved cores were immediately 
placed upright in coolers packed with ice, transported to the University of Illinois, and frozen upright 
within 48 hours to maintain original sections.  Prior to analysis samples were cut open with a band saw, 
and a chisel was used to pry open the PVC and reveal the sediment.  Each core was allowed to thaw at 4 
°C in a closed container and separated back into the four original depths.  Particles were separated from 
the sediment by placing each individual layer onto a 20-mesh (0.850 mm) sieve and gently running 
nanopure water over the sample.  The same procedure was followed for the control samples (i.e., Mixed 
Control).  The CM particles remained on the sieve, while the fine-grained sediment passed through with 
water and was collected.  The sieving process affected the coal-tar pitch and soot particles.  Some coal-tar 
pitch flaked off of the glass beads, and was accounted for by individually inspecting each coal-tar pitch 
bead for losses.  Small amounts of soot particles broke apart during sieving, passed through the sieve, and 
were collected in the sediment fraction.  Particles were separated visually by type, and all samples were 
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stored at 4 °C until analyses.  Charcoal and soot particles were freeze dried before being stored.  Coal-tar 
pitch and asphalt were not freeze dried because this promoted flaking from support surfaces.  Sediment 
was freeze dried and stored at 4 °C.  
 
4.3.8 PAH Analysis 
 
Pressurized fluid extraction (EPA method 3545) with a Dionex Accelerated Solvent Extractor 350 was 
used to extract PAHs from all materials except coal-tar pitch.  In this method, samples are heated to 100 
°C and pressurized to 1500 psi for 5 minutes in an extracting fluid of 50% acetone and 50% 
dichloromethane.  15 to 30 ml of the extraction fluid was collected in 60 mL vials.  Coal-tar pitch 
particles were extracted using a microextraction method developed by Ghosh et al., [8].  Briefly, samples 
were extracted three consecutive times by sonicating for 3 minutes at 50 °C in 1 mL of 50% acetone and 
50% dichloromethane.  Depending on the mass of sample available and the presence of replicate field 
sample cores, one to three samples of each material were extracted for all depth intervals.  Each sample 
was extracted, cleaned (if required), and analyzed separately.  Detailed descriptions of the accelerated 
solvent extraction and microextraction methods are presented in Appendices C and D. 
 
A modified silica gel cleanup method (EPA method 3630c) was used for extracts from sediment and 
asphalt; this was not necessary for coal-tar pitch, soot, and charcoal.  Each sample extract was first 
exchanged to cyclohexane and then passed through a column of activated silica gel 100-200 mesh (grade 
923, Fisher Scientific) loaded into a 30-mL glass syringe.  3.5±0.2 mg of silica gel was used to clean 2.5 g 
of sediment, and 8.0±0.2 mg was used to clean 0.01 g of asphalt.  1.5 g of anhydrous sodium sulfate 
(≥99.0%, Sigma Aldrich) was added on top of the silica gel.  PAHs partitioned from cyclohexane to silica 
gel.  A pentane rinse, equivalent to two bed volumes, was passed through the silica gel column and 
discarded to remove more polar compounds.  Finally, a rinse equivalent to two bed volumes and 
containing two parts dichloromethane and three parts pentane was passed through the silica gel, collected, 
and concentrated via N2 blowdown to approximately 0.5 mL.  Detailed descriptions of the concentration 
and cleanup methods are given in Appendix E. 
 
PAHs in the final samples were analyzed by gas chromatography/mass spectrometry using an Agilent 
7890B GC with a DB5-MS capillary column and 5977A inert MSD (EPA method 8270d).  All samples 
were analyzed for the 16 EPA priority PAHs and dPAHs loaded onto CMs.  Quality assurance was 
provided using three surrogates (fluorene-d10, p-terphenyl-d14, and benzo[a]pyrene-d12, Cambridge 
Isotope Laboratories, Inc., 98%) and an internal standard (naphthalene-d8, Ultra Scientific, ≥98%).  The 
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surrogates were added to each solid sample just before extraction, and were used to correct for PAH 
losses during extraction and cleanup.  The internal standard was added to each sample immediately prior 
to GC/MS analysis, and indicated changes in instrument performance.  A detailed description of the 
GC/MS analysis method and example data calculations are presented in Appendices F and G. 
 
4.3.9 Carbon Content Analysis 
 
Total organic carbon and black (hard) carbon contents were measured after selected treatments using a 
Thermo Fisher Scientific FLASH 2000 Analyzer.  For sediments, total organic carbon was determined 
after treating freeze dried sediment with 1 M HCl to remove inorganic carbon (i.e., carbonates).  Samples 
were rinsed with 30 mL of nanopure water three times to remove any excess HCl prior to carbon analysis.  
For CMs (i.e., soot, charcoal, coal-tar pitch, and asphalt), total organic carbon was determined without 
treating with HCl because they contained negligible  inorganic carbon [53, 54].  Black carbon for both 
sediments and CM particles was determined following a modified CTO-375 method [61].  Briefly, freeze 
dried sediment or a CM type was combusted at 375 °C in a Thermo Scientific Lindberg Blue M furnace 
in excess air for 24 hr to remove soft carbon.  Sediment samples were then treated with 1 M HCl to 
remove carbonates.  The treated sediments or CMs were then analyzed for the remaining carbon content, 
which is classified as black carbon.  Soft carbon is the fraction of total carbon that is easily combusted; 
therefore, it was calculated from the difference between total organic carbon and black carbon. 
 
4.4 Results and Discussion 
 
4.4.1 Non-deuterated PAH Loadings on Sediments 
 
Concentrations of non-deuterated 16 priority PAHs (∑CPAH-16) on Native Sediments, the Blank Control 
Core (i.e., sediments with no added CMs aged in the open cylindrical cores), and Mixed Control (i.e., 
sediments mixed and then separated from CMs at time zero) were measured for all four depth intervals 
(Figure 4.3).  Based on the sedimentation rate, the +14 cm depth interval in this study was deposited at a 
similar time as the 0-3 cm interval in Van Metre et al collected in 2004 [7] (Figure 4.3).  The ∑CPAH-16 
decrease with depth (increasing trend with time), in agreement with those from Van Metre et al. [7], and 
consistent with  increasing urbanization within the watershed.  However, the ∑CPAH-16 measured in this 
work are greater than those from Van Metre et al. [7] at a similar time period (i.e., +14 cm and 0-3 cm).  
This is attributed to use of the accelerated solvent extraction method used in this study, which extracts 
more sorbed PAHs than Soxhlet extraction used by Van Metre et al.  A number of studies have shown 
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that these methods can give similar results; our results suggest this may not be the case for field-aged 
sediments.  A second possibility is the sedimentation rate may have changed, and the higher ∑CPAH-16 
could be due to increased PAH loading at a later time due to increased urbanization.  The ∑CPAH-16 on 
Native Sediments and the Blank Control Cores are similar to those for sediments mixed with and then 
separated from CMs, indicating that exposure to the CMs does not significantly affect background non-
deuterated PAH concentrations.   
 
 
Figure 4.3: Non-deuterated PAH concentrations in sediment vary with depth in Native Sediments, Blank 
Control Core, and Mixed Control, Whitnall Park Pond sediment also were measured in 2004 by Van 
Metre et al. [7].  Abbreviations for PAHs are: naphthalene (NA), acenaphtylene (ACY), acenaphthene 
(ACE), fluorene (FL), phenanthrene (PHN), anthracene (ANTH), fluoranthene (FLAN), pyrene (PY), 
benz[a]anthracene (BaA), chrysene (CRY),  benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), 
benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene (IND), dibenz[a,h]anthracene (DahA), benzo[ghi]perylene 
(BghiP). 
 
4.4.2 Deuterated PAH Loadings on Sediments 
 
The total dPAH concentrations (∑CdPAH-T) in Native Sediments and Blank Control Cores (i.e., sediment 
never mixed with CMs but placed in sample cores for aging in the lake) are negligible compared to these 
values for Mixed Controls (i.e., sediment mixed with CMs and separated for analysis at time zero) or 
Mixed Open Cores (i.e., sediment mixed with CMs and aged in the lake in open cores) (Figure 4.4), 
indicating that almost all dPAHs on the latter two are from CMs.  The greater ∑CdPAH-T for the Mixed 
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Control relative to the Blank Control Core indicates transfer of dPAHs from CMs to sediments occurred 
during the short time period (i.e., ≤ 7 days) between initial mixing and separation.   
 
Concentrations of dPAHs in the Mixed Control are likely a result of mass transfer of dPAHs from CMs to 
sediment, and to the deterioration and collection of fine CM fragments in sediment as a result of sample 
mixing and processing.   We visually inspected all CM particles after separation from sediments.  Asphalt 
and charcoal particles appeared to be intact but the latter are brittle and some loss of fines could have 
gone unnoticed.  Flaking of coal-tar pitch from glass beads was extensive, amounting to an average 
exposure of 68% of glass bead surfaces in a given depth interval as determined by visual inspection of 
separated coal-tar pitch particles. A small amount of soot particles also appeared to break apart during the 
sieving process.  Additional flaking of coal-tar pitch and further deterioration of soot were not evident 
with increased aging in the lake.  Therefore, the initial mixing of CMs during dPAH equilibration and CM 
separation from sediment via sieving appeared to be the most important factors affecting particle 
deterioration and collection in the sediment phase, rather than aging.  The Mixed Control Core therefore 
is used to account for dPAH losses from CMs as a result of sample mixing and processing.  We 
subtracted dPAH loadings determined from the Mixed Control Core sediments from those in the field 
aged cores (i.e., Mixed Open Core, Mixed Closed Core), and set those in the Mixed Control core to zero 
in subsequent figures and discussion.   
 
The ∑CdPAH-T increases sharply from the Mixed Control (i.e., time zero) to the Mixed Open Cores at 1 
year.  Except for the 5-10 cm depth at 1 year and the +14 cm depth, there is no apparent increase in 
∑CdPAH-T for the Mixed Open Core from 1 to 2 years.  The reason for the unusually small ∑CdPAH-T at 1 
year for the 5-10 cm depth is not clear, but may be a result of inadequate mixing of CMs and sediment 
prior to loading the sample core resulting in a lack of a representative sub-sample for analysis.  Overall, 
the results suggest that significant mass transfer of dPAHs occurs between zero and 1 year, and that after 
this time mass transfer slows substantially.  The results also suggest that there is no significant difference 
in ∑CdPAH-T with depth (excluding the 5-10 cm depth at 1 year).  This is expected, since the same amounts 
of CMs and dPAHs are added to each depth interval, and native dPAH concentrations are negligible.  
Hence, dPAH loadings for the four depth intervals are combined together hereafter, and considered as 
replicates for error analysis.  
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Figure 4.4: Deuterated PAH concentrations in sediment in controls and at times 1, 1.5, and 2 years in 
Mixed Open Cores separated by sediment depth.  Deuterated PAHs associated with coal-tar pitch are 
green, with asphalt are red, with charcoal are blue, and with soot are grey.  Error bars show one standard 
deviation.  Deuterated PAH abbreviations are: acenaphthene-d10 (ACE-d), benz[a]anthracene-d12 (BaA-
d), benzo[b]fluoranthene-d12 (BbF-d), phenanthrene-d10 (PHN-d), pyrene-d10 (PY-d), 
benzo[k]fluoranthene (BkF-d), anthracene-d10 (ANTH-d), chrysene-d12 (CRY-d), indeno[1,2,3-
cd]pyrene-d12 (IND-d), acenaphthylene-d8 (ACY-d), fluoranthene-d10 (FLAN-d), and 
benzo[ghi]perylene-d12 (BghiP-d). 
 
The average total concentrations of dPAHs (∑CdPAH-T) measured in sediments for all samples are 
presented in Figure 4.5.  The ∑CdPAH-T in Native Sediments, Blank Controls, and the NoD Open Cores are 
negligibly small compared to the other cores, further indicating that background levels of dPAHs do not 
interfere with quantification of the amended dPAHs.  The results show that ∑CdPAH-T increase sharply 
from the Mixed Control (0 years) to the Mixed Open Cores at 1 year, and then the increase is more 
gradual (but not statistically significant) up to 2 years (Figure 4.5).  The same trend is apparent for the 
Closed Mixed Cores, however, the Closed Mixed Cores had lower ∑CdPAH-T than the Open Mixed Cores.  
In the next section, we will show that mass losses of dPAHs from all cores is insignificant; therefore, the 
lower ∑CdPAH-T in the Mixed Closed Cores is likely because advective transport of dPAHs from CM 
particles to sediments is much more limited.  This is consistent with Ghosh and Hawthorne, who 
proposed that the lack of advective  flows and sediment mixing in static sediment, as are the conditions of 
the closed cores, may result in slow mass transfer of PAHs between CMs [63]. 
 
In the Mixed Open Cores at 1 year, the largest proportion of dPAHs in sediment was from coal-tar pitch, 
the least from soot, and approximately the same from charcoal and asphalt.  At 2 years, the dPAHs from 
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asphalt comprised the greatest proportion, followed closely by dPAHs from coal-tar pitch, and then from 
charcoal and soot.  dPAH transfer to sediment reflects redistribution of the low molecular weight dPAH 
from asphalt, and medium and high molecular weight PAHs from coal-tar pitch, charcoal and soot.  The 
greater redistribution of medium and heavy molecular weight dPAHs compared to low molecular weight 
dPAHs is inconsistent with the larger Kows of heavy PAHs.  However, low molecular weight PAHs would 
be most readily lost during sample sieving and handling due to dissolution into the rinse water, 
particularly ACY-d and ACE-d, which were the most soluble PAHs.  It is possible that such dPAHs were 
lost from sediments during the sieving process.  It is also possible that further collection of charcoal and 
soot fines in sediment occurred, although there was no evidence of this visually.  Regardless, the 
sediments show a large increase in MdPAH-T at 1year, with contributions from all CM particles.  
 
 
Figure 4.5:  Concentrations of deuterated PAHs in all sediment samples (cores and controls) averaged 
over the four depth intervals.  “Native” is Native Sediments, “Blank C.” is Blank Control Core, “noD C.” 
is noD Open Core.  Concentrations in Mixed Core were subtracted from Open and Closed Mixed Cores 
(indicated with “*”).  “Mixed C. *” is Mixed Control normalized to zero.  See Table 2 for an explanation 
of sample conditions. 
 
4.4.3 Deuterated PAH Loading on Carbonaceous Materials 
 
The mass of dPAHs loaded onto CMs (∑MdPAH-CM , i.e., ACE-d + BaA-d + BbF-d on coal-tar pitch, PHN-
d + PY-d + BkF-d on asphalt, etc.) fluctuate at all time intervals for the CM particles but mean values for 
each material are generally within error (standard deviations) and do not show any trend over time (Figure 
4.6).  There are two exceptions to this.  For coal-tar pitch, the ∑MdPAH-CM in the Mixed Control is 
significantly more than in two of the three Open Mixed Cores.  This is mainly a result of the loss of 
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acenaphthene-d10 (ACE-d), a low molecular weight PAH, in the aged cores.  Of the mass of ACE-d lost 
from coal-tar pitch, an average of 40% goes to other materials and the rest is lost in the field or during 
handling.  For charcoal, the ∑MdPAH-CM in the Mixed Control is significantly less than in the 2-year Open 
Mixed Cores as a result of an increase in anthracene-d (ANTH-d).  This increase is likely due to 
variations in the loading of ANTH-d initially within the charcoal phase, as there is no other source of this 
compound.  In general, these results indicate that little dPAHs are lost from CMs over 2 years of 
incubation time in the field cores.  The majority of dPAHs associated with the four CMs evaluated in this 
work are persistent and remain bound to their source CMs.  This is consistent with Jonker et al., who 
determined PAH desorption from charcoal and soot to be extremely slow.  The desorption of 99% of 
native PAHs was modeled to take 6 to 3,510 years depending on PAH and CM, for example 99% 
desorption of phenanthrene from traffic soot and charcoal were modeled to take 47 and 587 years 
respectively [46].  Also, as there was no measureable decrease in dPAH mass on source CMs (except for 
ACE-d on coal-tar pitch particles), it is inferred that no detectable biodegradation of dPAHs occurred 
during the 2 years of aging. 
 
 
Figure 4.6: Mass of deuterated PAHs per depth interval detected on individual materials. “Mixed C.” is 
Mixed Control at time zero; 1.0, 1.5, and 2.0 yr are Mixed Open Cores.  dPAHs associated with coal-tar 
pitch are green, with asphalt are red, with charcoal are blue, and with soot are grey.  Error bars represent 
one standard deviation.   
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4.4.4 PAH Redistribution between Carbonaceous Materials 
 
Sorbed dPAHs redistributed readily among all CMs during the first year (Figure 4.7).  Redistribution to 
asphalt and charcoal particles continued to increase to 1.5 years and remained constant between 1.5 and 2 
years.  The redistribution to coal-tar pitch particles was not consistent.  There was a substantial increase in 
dPAH mass redistributed to coal-tar pitch particles from time zero to 1 year, but the redistribution at 1.5 
and 2 years was much less than the redistribution at 1 year.  This 1 year discrepancy could be a result of 
inconsistent mixing of the CMs and sediment prior to field deployment compared to the other sample 
cores.  The redistribution to coal-tar pitch at 1 year appears to be an outlier and has greater uncertainty 
than the other time periods.  Ignoring the 1-year coal-tar pitch data the dPAH mass redistributed to CMs 
generally increases or stays the same with aging of open cores in the field. 
 
By focusing on only dPAH gained by a CM type rather than dPAHs lost from CMs (as in Figure 4.6) it is 
possible to see significant redistributions of dPAHs, which are not apparent when comparing changes in 
the original mass loaded onto CM types.  This is because redistribution to CMs involves measuring the 
increase in dPAH mass from zero to a positive value, while dPAH loss from CMs involves comparing 
two large values.  Also, transfer of dPAHs between CMs is not affected by accumulation of broken 
particle fines like sediment samples were.  This is because CMs were rinsed during particle separation, 
which would rinse away broken particle fines present on CMs.   
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Figure 4.7: a) Deuterated PAH redistribution in CMs over time, error bars represent one standard 
deviation, b) mass fraction of PAHs sorbed vs. desorbed by CM.  Does not include mass of dPAH 
originally loaded onto CMs, only mass that redistributed (e.g., the coal-tar pitch bars do not include ACE-
d, BaA-d, or BbF-d). 
 
The greatest mass transfer occurred from coal-tar pitch particles, followed by asphalt, and then by 
charcoal and soot.  Also the transfer of dPAHs from coal-tar pitch and asphalt to charcoal and soot were 
similar.  The percentage of originally amended dPAHs that transferred from one source CM to another by 
a) 
b) 
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2 years varied, with 15.0% of dPAH associated with coal-tar pitch transferring to other CMs, 13.6% with 
asphalt, 9.2% with soot, and 6.1% with charcoal.  These trends are consistent with Kd values: Kd,asphalt < 
Kd,coal tar < Kd,soot < Kd,charcoal [32-34].  The greater transfer of coal-tar pitch dPAHs compared to charcoal 
also is consistent with Ghosh et al., who found that PAHs in coal-tar pitch are more bioavailable than 
PAHs sorbed to charcoal [8].  The amount of dPAHs sorbed by asphalt from other CMs is equivalent to 
the amount of dPAHs sorbed by soot, equivalent or greater than dPAHs sorbed by charcoal, and much 
greater than dPAHs sorbed by coal-tar pitch.  The small Kd for asphalt implies relatively little dPAHs 
should be taken up by this material.  Hence, the kinetics of dPAH mass transfer to asphalt may be fast 
relative to the kinetics of transfer to coal-tar pitch.  This is consistent with the redistribution model 
presented in Chapter 2, which modeled the apparent mass transfer coefficient of asphalt particles to be 
two orders of magnitude faster than coal-tar pitch particles.   
 
Low molecular weight dPAHs associated with coal-tar pitch (acenaphthene, ACE-d) and asphalt 
(phenanthrene, PHN-d) were the most mobile, accounting for an average of 38.5 and 14.5% of transfer 
between CMs (Figure B.1 in Appendix B).  This was followed by the soot-associated medium molecular 
weight dPAH, fluoranthene (FLAN-d) (7.2%), and then the charcoal-associated low molecular weight 
dPAH anthracene (ANTH-d) (6.9%).  Low molecular weight dPAHs were expected to be more mobile 
due to their higher solubility and smaller Kow values.  It is unclear why FLAN-d was more mobile than 
the soot-associated low molecular weight dPAH acenaphthylene (ACY-d).  ACY-d remained on the soot 
particles rather than redistributing to sediment (Figure 4.6) and other CMs (Figure B.1 in Appendix B).  
This also indicates there was no significant loss of ACY-d to the water column during aging in the lake 
since there was no significant change with time of ACY-d loading on soot (Figure 4.6). 
 
The ratio of the total dPAH mass gained (i.e., sorbed) by a CM to the total dPAH mass lost (i.e., 
desorbed) is presented in Figure 4.7b.  This ratio is greater than one for soot and charcoal, close to one for 
asphalt, and less than one for coal-tar pitch.  Thus coal-tar pitch had a net loss of dPAHs, while soot and 
charcoal had a net gain of dPAHs.  Asphalt gained the same amount of dPAHs as it lost.  This suggests 
that over time PAHs will redistribute from less strongly binding to more strongly binding CMs, resulting 
in a decrease in dPAH bioavailability.  Zimmerman et al. [51] showed that the addition of 3.4 wt% 
activated carbon to PAH contaminated sediments reduced the PAH aqueous equilibrium concentrations 
by 84% in six months.  Also, reduced bioavailability of PAHs associated with another strongly sorbing 
material, coal, was measured in harbor sediments [8, 84].  However, the redistribution of dPAHs from 
less to more strongly CMs is much slower in this study, and this may because activated carbon is much 
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more strongly sorbing than the CMs used in this study [34].  Also, the particle size of activated carbon 
was much smaller (75-300 m) than to the particle size used in this study (1.18-3.36 mm). 
 
Source apportionment modeling of the PAHs in sediment at Whitnall Park Pond showed coal-tar sealcoat 
contributed to 47% of the PAH loading [7].  This suggests that a large portion of the PAHs in Whitnall 
Park Pond are associated with the most readily desorbing CM evaluated in this study, coal-tar pitch, and 
that up to 15% of the original PAH mass can be transferred from this material over 2 years. A caveat to 
this assertion is that the dPAHs in this study were added to the CMs only one month before they were 
mixed with sediments and placed in the lake.  In natural systems, PAHs can age with CMs over many 
years before being transported with runoff into lake sediments.  PAHs become more tightly bound to 
sediment over time due to chemical migration into more strongly binding sites within the sediment matrix 
[25].  Hence, timescales of PAH redistribution in natural systems are likely slower than measured in this 
study.   
 
4.4.5 Carbon Content Analysis 
 
Coal-tar pitch and asphalt had similar total organic carbon content of just over 50 wt%, the majority of 
which was soft carbon (Table 4.3).  Coal-tar pitch had significantly more black carbon (1.9 wt%) than 
asphalt (0.3 wt%).  However, coal-tar pitch desorbed more dPAHs than asphalt, which is inconsistent 
with the higher content of strongly sorbing black carbon in coal-tar pitch compared asphalt.  This greater 
dPAH loss from coal-tar pitch could be attributed to the coal-tar pitch particles flaking apart, as discussed 
previously.  The limited sorption to coal-tar pitch relative to asphalt could be a result of the limited 
number of coal-tar pitch particles in the cores; requiring dPAHs to travel a greater distance to reach 
another coal-tar pitch particle relative to asphalt.  Also, sorption to black carbon has been proposed to  be 
slow and competitive, while sorption to soft carbon is fast and noncompetitive [23, 62], and black carbon 
has been shown to have a significant effect on sorption in sediments [85].  Therefore, the greater amount 
of black carbon in coal-tar pitch may control the sorption trends in coal-tar pitch, while fast sorption to 
soft carbon dominates in asphalt.  Results from the distribution model developed in Chapter 2 support 
rapid redistribution to soft carbon, as the apparent mass transfer coefficient for asphalt was determined to 
be much larger than any other CM. 
 
Unlike coal-tar pitch and asphalt, the organic carbon in charcoal and soot was mostly black carbon (Table 
4.3).  The substantially larger black carbon content in charcoal and soot is consistent with the smaller 
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dPAH desorption from these materials compared to coal-tar pitch and asphalt.  Slower sorption to black 
carbon compared to soft carbon may explain the larger sorption to asphalt compared to charcoal and soot. 
 
 
Table 4.3: Total organic, black, and soft carbon content wt%. 
 
4.4.6 Modeled Equilibrium Distribution 
 
The fractional distributions of individual dPAHs (FdPAH,i,exp) on CMs and sediment in the Mixed Control 
(time zero) and the 2 year Mixed Open Core are shown in Figure 4.8, along with theoretical fractional 
distributions at equilibrium (FdPAH,i,Th).  The FdPAH,i,exp values were calculated by dividing the mass of 
dPAHi on an individual CM by the total mass of dPAHi, all within one depth interval.  The values shown 
are the average of the four depth intervals.  The FdPAH,i,Th values were calculated by assuming that each 
dPAH redistributes among all CMs and sediment within a depth interval of a core according to published 
equilibrium isotherm parameter values.  This can be mathematically expressed as follows: 
 
𝑀𝑑𝑃𝐴𝐻𝑖,𝑡𝑜𝑡𝑎𝑙 = ∑ 𝑀𝑑𝑃𝐴𝐻𝑖,𝑗 = ∑ 𝐾𝑑𝑖,𝑗𝑀𝑗𝐶𝑤𝑖,𝑒𝑞𝑢𝑖𝑙               (Equation 4.1) 
 
𝐹𝑑𝑃𝐴𝐻,𝑖,𝑗 =
𝑀𝑑𝑃𝐴𝐻𝑖,𝑗
𝑀𝑑𝑃𝐴𝐻𝑖,𝑡𝑜𝑡𝑎𝑙
                             (Equation 4.2) 
 
MdPAHi,total is the total mass of dPAH i, Mj is the mass of sorbent material j (i.e., sediment, coal-tar pitch, 
asphalt, charcoal, soot), Kdi,j is the equilibrium distribution coefficient for PAH i on material j, and Cwi,equil 
is the aqueous phase equilibrium concentration of dPAH i.  MdPAHi,total corresponds to the dPAH mass 
measured in the Mixed Control, Mj was measured for CM types prior to field deployment, and for 
sediment after recovery of aging cores, Kdi,j was determined from the literature [34, 35, 40, 86], and 
Cwi,equil was calculated.   Values of Kdi,j from the literature are listed in Appendix B (Table B.1).  Sediment 
was divided into soft organic and black carbon fractions, where the latter was measured using CTO-375 
(details in Methods section).  The Kdi,j values for the soft fraction were determined using the relationship 
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between Kow and Koc developed by Karickhoff et al. [38].  The Kdi,j values determined for black carbon 
[86] were used for the black carbon fraction in sediment.  This is a simplified sorption model as sorption 
onto charcoal, soot, and black carbon is typically nonlinear.  However, it is expected to capture the main 
equilibrium sorption trends.  Uncertainty analysis was conducted in Oracle Crystal Ball using Monte 
Carlo simulation to combine the uncertainties associated with each variable including values that were 
measured or taken from the literature (i.e., mass of dPAH, sediment and CMs per depth interval, Kd i,,j). 
 
Experimental values of FdPAH,i,exp at time zero show that the majority of dPAHs are associated with their 
source material (Figure 4.8a).  Some redistribution occurs by year 2, and this is mainly to sediment 
(Figure 4.8b).  For example, the dPAH that redistributes to sediment in the greatest fraction is PHN-d, for 
which FPHN,exp in sediment goes from 0 to 0.355 at 2 years.  Redistribution results of dPAHs for the 1 and 
1.5 yr Open Mixed Cores are included in Appendix B (Figure B.2).  Greater redistribution of the lowest 
molecular weight compounds occurs.  For example, more acenaphthene-d10 (ACE-d) redistributes from 
coal-tar pitch to asphalt, charcoal and soot than does benz[a]anthracene-d12 (BaA-d) or 
benzo[b]fluoranthene-d12 (BbF-d).  Similarly, more phenanthrene-d10 (PHN-d) redistributes from 
asphalt to charcoal and soot than does pyrene-d10 (PY-d) and benzo[k]fluoranthene-d12 (BkF-d).  
However, this pattern did not occur for charcoal and soot, in which heavier dPAHs (CRY-d, IND-d, 
FLAN-d, and BghiP-d) showed greater redistribution.   
 
The theoretical FdPAH values show a different picture, with most of the individual dPAHs redistributing to 
charcoal because of its very large sorption coefficient and comparatively large mass in the system (Figure 
4.8c, see Methods section for CM masses).  Some movement toward this end state appears between the 
Mixed Control and 2 years, but it is not dominant.  Also, redistribution to the sediment is predicted at 
smaller amounts at equilibrium compared to what was measured in the field.  This likely occurs because 
individual CM particles are surrounded by sediment particles, not other CMs, in cores.  Hence, dPAHs 
must diffuse through sediment to move from one CM to another.  Finally, the redistribution model in 
Chapter 2 showed the kinetics of redistribution at early times can be different than the thermodynamic 
equilibrium distribution.  It is reasonable to assume there is a similar discrepancy between early and 
equilibrium times in the field.  The results from Chapter 2 also showed sediment to have the largest 
apparent mass transfer coefficient.  Therefore, fast redistribution to sediment at early times in the field is 
consistent with the model. 
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Figure 4.8: Fractional dPAH distribution measured in the Mixed Control (time zero) (a) and at two years in the Open Mixed Cores (b), and 
calculated distributions at equilibrium, standard deviations are shown with error bars (c). 
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4.5 Conclusions 
 
Although the net loss of dPAH from all CMs was not statistically significant, redistribution of dPAHs 
among CMs and to sediment was measured.  Sediment gained the greatest mass of dPAHs of all 
materials, which is consistent with sediment being the largest and most well-distributed material in the 
sample cores.  Asphalt and charcoal sorbed the greatest masses of dPAHs among the CMs, followed by 
soot and then coal-tar pitch.  Based on literature Kd values, asphalt is the most weakly sorbing CM, which 
is inconsistent with the large amount of redistribution to asphalt particles compared to other CMs.  
However, the organic carbon in asphalt was mainly soft carbon, for which fast PAH sorption is proposed 
[23].  This may explain the sorption in asphalt being equal to or greater than charcoal and soot, which are 
more strongly sorbing materials.  The initial rapid uptake of dPAHs by asphalt is consistent with findings 
from the companion laboratory study presented in Chapter 2.  Although coal-tar pitch was also composed 
mainly of soft carbon, it was the least well distributed CM in the sample cores.  The comparatively large 
distance between particles likely hindered dPAH transfer to coal-tar pitch particles. 
 
The greatest source of dPAHs in sediment after two years of aging was asphalt, followed by coal-tar 
pitch, then charcoal, and soot.  Greater dPAH redistribution to sediment was measured in open sample 
cores which allowed transfer between surrounding sediments and the overlying water column.  Closed 
sample cores, which limited advective transport within the cores, had smaller concentrations of dPAHs in 
sediment.  
 
The redistribution among only CMs indicated that dPAHs associated with coal-tar pitch redistributed in 
the greatest quantities, followed by asphalt, charcoal, and soot.  This is consistent with Kd values in 
literature of Kd,asphalt < Kd,coal tar < Kd,soot < Kd,charcoal [32-34].  Low molecular weight dPAHs on coal-tar 
pitch, asphalt, and charcoal were more mobile than their heavier counterparts, consistent with the lower 
solubility and Kow values of low molecular weight PAHs.  However, the medium molecular weight dPAH 
associated with soot was more mobile than the low molecular weight dPAH. 
 
The dPAH redistribution over the 2-year field experiment was different than the calculated equilibrium 
distribution.  At equilibrium charcoal was modeled to sorb the greatest fraction of dPAHs; however, 
sediment sorbed the greatest amount in the field.  Based on the modeling results from Chapter 2, mass 
transfer kinetics rather than equilibrium distribution is controlling uptake on sediment and it will take 
decades before equilibrium is approached.  
 
72 
 
These findings indicate that PAHs associated with sealcoats are the most mobile, which likely 
corresponds to increased bioavailability and greater risk.  Further, these materials have been shown to 
strongly contribute to PAH loading in urban lakes [6, 87].  Over time PAHs are expected to redistribute to 
more strongly sorbing materials such as charcoal and soot, which will also reduce risk.  As PAH loadings 
in many lakes have been shown to be impacted by similar materials, the results from this study are likely 
applicable to other urban lakes. 
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CHAPTER 5 
 
SUMMARY AND CONCLUSIONS 
 
5.1 Summary of Dissertation 
 
The redistribution of dPAHs between carbonaceous materials (CMs) and sediment was successfully 
measured in controlled, well-mixed experiments as well as in situ.  There was good agreement between 
the two studies in both sorption and desorption trends.  There was significant dPAH desorption measured 
from all CMs in the well-mixed experiments.  The greatest amount of desorption occurred from asphalt, 
followed by charcoal, soot, and then coal-tar pitch.  Larger variability in the field study as well slower 
mass transfer due to diffusion limitation in static cores resulted in losses of dPAHs from parent CMs 
falling within the variability between the different cores.  Therefore it was not possible to determine 
dPAH desorption based on decreased dPAH loading on CMs.  However, the extent of desorption can be 
inferred from the amount dPAHs associated with a given CM that are detected on other materials.  dPAHs 
associated with coal-tar pitch and asphalt redistributed in the greatest quantities in the field study 
indicating that  desorption from coal-tar pitch and asphalt particles was greater than that from charcoal 
and soot.  Based on distribution coefficients (Kd) from the literature, asphalt was expected to be the least 
strongly sorbing, followed by coal-tar pitch, soot, and then charcoal [32-34].  The desorption trends 
measured in this work are fairly consistent with these values, with comparatively large amounts of dPAH 
desorption from asphalt and smaller desorption for charcoal and soot in both studies. 
 
The greatest amount of dPAH redistribution occurred to sediments for both the field and laboratory 
studies.  This makes sense as sediments made up the largest fraction of the samples and were the most 
well distributed; after sediment, the next greatest amount of redistribution occurred to asphalt, followed 
by soot, charcoal, and finally coal-tar pitch.  The large redistribution to the least strongly sorbing CM, 
asphalt, was inconsistent with CM Kd values.  Carbon content analysis revealed asphalt particles contain 
mainly soft carbon and the smallest fraction of black carbon.  Sorption to black carbon is predicted to be 
slower than sorption to soft carbon [23]; therefore, rapid redistribution to asphalt could be explained by 
fast sorption to soft carbon.   Results from the field study also showed large amounts of dPAH 
redistribution to asphalt.  Among the CMs, redistribution in the field study was greatest to asphalt and 
soot, followed by charcoal, and then coal-tar pitch.  Although the two studies were conducted under 
different conditions, there was good agreement in redistribution trends. 
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Low molecular weight dPAHs associated with asphalt and coal-tar pitch redistributed in the greatest 
amounts in the well-mixed experiments.  This is consistent with the low molecular weight dPAHs being 
more soluble and having smaller Kow values than heavier dPAHs.  On average phenanthrene (PHN-d), the 
low molecular weight dPAH associated with asphalt, accounted 19.9% of total redistribution.  
Acenaphthene-d (ACE-d) the low coal-tar pitch associated dPAH accounted for 14.7%.  There was also 
significant redistribution of the medium molecular weight dPAH associated with soot, i.e., flouranthene-d 
(FLAN-d).  However, it is difficult to quantitate FLAN-d redistribution, as a fraction of the soot particles 
broke apart during sample processing and separation and collected in the sediment fraction.  Therefore, 
the large amount of redistribution measured to sediment is likely due to the collection of broken soot 
particles in sediment rather than sorption to sediment.  There was also significant redistribution of ACE-d 
and PHN-d in the field study.  Similar issues with particle break up occurred in field sediments, including 
not only soot but also coal-tar pitch particles.  To account for this, a comparison of redistribution among 
only CMs is useful as CMs (unlike sediments) were not affected by particle break up.  ACE-d and PHN-d 
accounted for the greatest amount of redistribution among CMs in both the well-mixed and field studies, 
at 40.2 and 16.9% in well-mixed, and 38.5 and 14.4% in field studies respectively.  This was followed by 
FLAN-d at 11.2 and 7.2% of total redistribution.   
 
Results of the redistribution model explain why dPAH sorption to charcoal, the strongest sorbing 
material, was less than that to asphalt, sediment, and soot during the field and laboratory experiments.  
The mass transfer kinetics for charcoal were determined to be an order of magnitude slower than soot, and 
two orders of magnitude slower than asphalt and sediment.  So although asphalt and sediment are more 
weakly sorbing than charcoal and soot, sorption at early times is dominated by asphalt and sediment due 
to favorable kinetics.  Over time, redistribution to charcoal occurs, and at equilibrium dPAHs are modeled 
to be mostly present in charcoal.  Based on the well-mixed experiments, equilibrium is expected to take 
150 years or more.  These results show the importance of considering both kinetic and thermodynamic 
redistribution when predicting PAH fate and redistribution. 
 
Summary of objectives: 
Objective 1: Determine if PAHs associated with CMs deposited with lake sediments are lost to the water 
column and/or redistribute to more strongly sorbing CMs over time 
As hypothesized, very few dPAHs were lost to the water column over time.  The only dPAH 
which was lost from the system was the light molecular weight dPAH associated with coal-tar 
pitch in the field study.  About 60% of the mass was unaccounted for in the field study.  Losses 
were within experimental error in the well-mixed laboratory experiments.  Also as hypothesized, 
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dPAHs associated with coal-tar pitch and asphalt redistributed in large fractions to charcoal and 
soot.  And at equilibrium, the majority of dPAHs are expected to be sorbed to the most strongly 
sorbing CM, charcoal.     
 
Objective 2: Determine the relative rates that individual PAHs are lost to the water column and/or 
redistributed amongst different CMs and sediments 
Low molecular weight dPAHs associated with coal-tar pitch and asphalt redistributed more 
quickly than their heavier counterparts, as hypothesized.  However this trend did not continue 
with soot and charcoal associated PAHs, in which medium and heavy molecular weight dPAHs 
were more mobile.  As hypothesized PAHs associated with coal-tar pitch and asphalt 
redistributed more quickly than those associated with charcoal and soot. 
 
Objective 3: Determine the relative importance of kinetic redistribution of PAHs among CM particles and 
lake sediment to the predicted equilibrium conditions of the system 
As hypothesized, redistribution to more weakly sorbing CMs (i.e., asphalt and sediment) occurred 
at early times.  Redistribution to more strongly sorbing CMs occurs over time, with equilibrium 
distribution mainly to charcoal.  Modeling results show mass transfer kinetics were fastest for 
sediment particles, followed closely by asphalt.  Kinetics for soot, charcoal, and coal-tar pitch 
were one to two orders of magnitude slower.  Kinetics for coal-tar pitch were surprisingly small 
considering coal-tar pitch composition was similar to asphalt.  This could be due to the small 
amount of coal-tar pitch particles in the system, and therefore small surface area for sorption and 
large distances between particles.  
 
5.2 Engineering and Scientific Significance 
 
The results of this research have improved our understanding of the fate of PAHs associated with 
carbonaceous materials in urban lake sediment.  PAHs associated with coal-tar pitch and asphalt have 
been shown to be the most mobile.  From a risk perspective, that means PAHs bound to sealcoats are 
likely more bioavailable and pose an elevated risk to aquatic life relative to PAHs associated with soot 
and charcoal.  Not only would reduction in sealcoat lead to an overall decline in PAHs in urban lake 
sediments, as was measured in Lady Bird Lake in Austin, TX, after a sealcoat ban was enacted [88], it 
could also reduce the fraction of mobile PAHs in sediments which are available to aquatic life.  On the 
other hand, PAHs are bound more strongly to charcoal and soot.  Therefore, the risks associated with 
PAHs in sediment in watersheds with limited sealcoat use may be smaller than would be expected based 
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on total PAH concentrations.  Based on these trends the addition of strongly sorbing materials could 
reduce the bioavailability of PAHs to the point at which they no longer pose a significant risk.  In situ 
addition of activated carbon to PCB and PAH impacted sediments have shown positive results [66, 69].  
 
5.3 Future Research 
 
There are several directions that could be taken with future research to further develop the findings 
presented in this dissertation.  First would be to extend the kinetic sorption/desorption experiments that 
were conducted in Chapter 2 to later times to determine if the trends predicted in the model from Chapter 
2 are accurate.  While this may not be possible for the more slowly sorbing materials such as charcoal and 
soot, modeling results from Chapter 2 predict sorbed concentrations will peak in asphalt, sediment, and 
coal-tar pitch within 0.3 to 3.75 years.  These results could be used to validate or improve the model 
developed in Chapter 2. 
 
Second would be to conduct similar kinetic experiments with different fractions of CMs.  It would be 
useful to determine a correlation between kinetic sorption behavior and CM loadings.  For example, there 
are areas in the U.S. where coal-tar sealcoat is prohibited, and areas where coal-tar sealcoat is the 
dominant material used on parking lots and driveways.  Based on the findings in this dissertation, those 
two systems would be expected to behave differently.  This would serve a similar purpose to the multi-
phase equilibrium models used by others to predict equilibrium distribution of PAHs in sediment [23, 40].  
A kinetic model which could predict PAH sorption and desorption on the time scale of months to years 
based on CMs loading in sediments would be extremely useful from an environmental management 
perspective.   
 
Third would be to conduct a field study comparing the PAH loadings in sediments receiving direct runoff 
from a seal-coated area to sediments receiving filtered runoff.  Watts et al. found PAH concentrations 
were elevated in upstream sediment compared to downstream from a parking lot with coal-tar sealcoat 
[30].  Also McIntyre et al. found PAH concentrations were reduced in runoff that was passed through a 
bioretention filter [65].  A combination of these two studies would be interesting, in which spatial 
distribution of PAH concentrations in sediment, and toxicity in sediment, from filtered and unfiltered 
runoff are compared.  Results could lead to implementation new management practices to reduce PAHs in 
urban lake sediment. 
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Lastly, a field study set up in a similar manner to that in this dissertation, in which sample cores are 
loaded with sediment and a single sorbing material, would provide a useful comparison of potential in situ 
amendments.  Sorbing materials of interest could include activated carbon, charcoal, soot, and a variety of 
biochars.  In situ measurements of pore water concentrations and PAH redistribution and/or sequestration 
to CMs could be used to determine potential effectiveness of the different materials in reducing PAH 
availability. 
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APPENDIX A 
 
ADDITIONAL INFORMATION FOR CHAPTER 2 
 
 
Table A.1: Deuterated PAHs used as tracers, Log Kow values from Mackay et al. [12]. 
 
  
Table A.2: Values used for partitioning model, log Kd values taken from references 
a
 [33], 
b
 [32], 
c
 [34], 
d
 
average of [34, 35, 85], and 
e
 relationship between Kow and Koc [38]. 
Refs [34, 35] At Cw = 0.03 - 0.5 g/L, ref [85] at Cw = 1 g/L. 
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Figure A.1: Mass of dPAHs measured in sediment associated with a) charcoal and b) soot.  Error bars 
represent standard deviations.  Trend lines are shown in (a) to facilitate data interpretation. 
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APPENDIX B 
 
ADDITIONAL INFORMATION FOR CHAPTER 4 
 
 
Figure B.1:  Average mass of dPAH per depth interval detected in individual particle types that originated 
on a different material.  dPAHs associated with coal-tar pitch are green, with asphalt are red, with 
charcoal are blue, and with soot are grey.  Error bars represent one standard deviation.  dPAH 
abbreviations are: acenaphthene-d10 (ACE-d), benz[a]anthracene-d12 (BaA-d), benzo[b]fluoranthene-
d12 (BbF-d), phenanthrene-d10 (PHN-d), pyrene-d10 (PY-d), benzo[k]fluoranthene (BkF-d), anthracene-
d10 (ANTH-d), chrysene-d12 (CRY-d), indeno[1,2,3-cd]pyrene-d12 (IND-d), acenaphthylene-d8 (ACY-
d), fluoranthene-d10 (FLAN-d), and benzo[ghi]perylene-d12 (BghiP-d). 
 
 
Table B.1: Water-sorbent distribution coefficients, Log Kd (L/kg), used in calculations 
Values taken from references 
a
 [32], 
c
 [34], 
d 
[35], 
e
 [85], and 
f
 [86].  
b
 Coal tar Kd values used for asphalt 
due to limited data.  Refs [34, 35] at Cw = 0.03 – 0.5 g/L, ref [85] at Cw = 1 g/L, ref [86] at mean Cw = 
0.02-0.49 g/L depending on PAH. 
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Figure B.2: Fractional dPAH distribution measured in the Open Mixed Cores at 1 (a) and 1.5 (b) years. 
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APPENDIX C 
 
DETAILED DESCRIPTION OF ACCELERATED SOLVENT EXTRACTION METHOD 
 
SOP for accelerated solvent extraction of EPA priority 16 PAH extraction based on EPA method 3545 
 
This procedure is designed for the extraction of polycyclic aromatic hydrocarbons (PAHs) from sediment, 
asphalt, soot, or charcoal.  Analysis of the extract is completed on a GC/MS.  The extract may need to be 
cleaned prior to analysis depending on the material extracted; soot and charcoal may not require cleanup 
while sediment and asphalt will. 
 
Materials: 
Equipment: 
ASE 350 (ThermoFisher #083114) 
ASE extraction cells (ThermoFisher #068096 or 068087) 
60 mL sample collection vials (ex. ThermoFisher #068254) 
Septa and caps for collection vials (ex. Fisher #55395) 
10, 25, or 50 L glass syringes (ex. Hamilton #80365, 80400, 80500) 
Analytical balance 
 
Consumables: 
Dichloromethane (Sigma Aldrich # 439223-4L) 
Acetone (Sigma Aldrich #270725-2L) 
Cellulose filter paper (Dionex #068093) 
Diatomaceous earth (ex. ThermoFisher #062819) 
Surrogate standard (ex. Ultra Scientific #ISM-560 and Cambridge Isotope #DLM-258-1.2) 
Weigh boats (ex. Fisher #08-732-100) 
Ultra high purity nitrogen 
 
Sample preparation: 
Samples should be dried before they are extracted in the ASE.  PAHs are semi-volatile; therefore, samples 
should be freeze dried to prevent PAH loss through volatilization (ex. Labconco Freeze Dry System).  
Remove samples from the freeze dryer as soon as they are dry as the samples will come to room 
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temperature after all liquid is sublimated; leaving samples in a freeze drier for an extended period of time 
at room temperature will result in the volatilization of PAHs. 
 
Samples should be ground up or cut into small pieces prior to extraction.  This allows for the extracting 
solvent to better penetrate the sample and results in a more complete extraction. 
 
Prepare and load ASE extraction cells: 
Prepare ASE extraction cells as in Figures C.1 and C.2. 
 
 
Figure C.1: Preparation of ASE cell caps. 
 
 
Figure C.2: Preparation of ASE cell.  Place a fiber filter in the bottom cell cap and screw on the cell body.  
No cellulose filter is needed for the top cap. 
** Make sure the wording on the cells is right side up; otherwise the cells will not fit into the ASE. 
 
Fill the bottom of the cell with diatomaceous earth.  This will prevent the samples from touching the 
bottom cap and keep the cell clean. 
 
Weigh out the sample and add to the cell.  There should be room in the cell for the sample to fit in without 
packing it down; packing the sample may reduce the extraction efficiency.  If the sample volume is too 
large to fit into the cell without packing, use a larger sized cell or reduce amount of sample. 
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Cover the sample with more diatomaceous earth until there is about 0.5-1 cm of empty space at the top of 
the cell.  It is important to leave some empty space at the top of the cell in order to add the surrogates. 
 
Turn on the ASE: 
Check the volume of solvent (0.8 – 1.5 L) and the nitrogen pressure (at least 500 psi at the tank). 
 
Open both regulator valves going to the ASE. 
 
Turn on the ASE and wait for it to boot up. 
 
From the main screen select “Load Method”, scroll down to the method line and input the desired method 
number.  Press the “Menu” button to return to the main screen.  Select “Current Status” and make sure the 
method is loaded and the oven is heating up. 
 
PAH ASE Method: 
Oven temp: 100 °C 
Pressure: 1500-2000 psi 
Preheat time: 5 min 
Static time: 5 min 
Flush volume: 60% of cell volume 
Nitrogen purge: 60 sec at 150 psi 
Static cycles: 1 
 
Return to the main screen and press the “Rinse” button.  Make sure there is solvent flow through the 
instrument and into the waste/rinse containers.  Return to the main screen and select “Diagnostics”, select 
“Pressure regulators”.  Check the system pressure (50 ± 5 psi) and solvent bottle pressure (10 ± 1psi). 
 
Add the surrogate standards: 
The purpose of the surrogate standards is to track the loss of PAHs during the concentration and cleanup 
processes.  The PAHs of interest vary in volatility; therefore, surrogates with a range of molecular 
weights are necessary in order to accurately track the volatilization losses.  For example, UltraSci internal 
surrogate standard (ISM-560) contains deuterated forms of naphthalene, acenaphthene, phenanthrene, 
chrysene, and perylene.  This is a good range of PAHs but, it does not contain any of the heaviest of the 
priority 16 PAHs such as indeno[1,2,3-c,d]pyrene, dibenz[a,h]anthracene, or benzo[g,h,i]perylene.  It is 
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recommended that a deuterated form of one of the heavier PAHs mentioned is also used as a surrogate 
standard (ex. Cambridge Isotope #DLM-2148-1.2, DLM-677-1.2 , or DLM-2135-1.2). 
 
The desired final concentrated volume and detection limits of the GC/MS are used to determine the 
amount of standard that is added to each sample. 
 
For example, if the GC/MS has a detection range of 0.01 – 10.0 ppm, it makes sense to add enough 
standard so that the concentration of standard in the final sample is about 1 ppm (keep in mind there will 
be surrogate losses during concentration and cleanup so the final concentration will be less than 1 ppm).  
If the expected final sample volume is about 1 mL then it is necessary to add about 1 g of standard for 
an expected surrogate concentration of about 1g/mL or 1 ppm.  If the concentration of the surrogate 
standard is 100 ppm 10 L of surrogate standard will need to be added to each sample. 
 
Clean the microliter syringes with clean dichloromethane before use.  A suggestion is to fill and evacuate 
the syringes 10-20 times with clean DCM, then dry the interior of the syringe by applying a vacuum. 
 
Add the surrogate standards using microliter syringes of appropriate volume.  If using multiple standards, 
measure out all volumes before adding to the sample.  Then add the standards in order of increasing 
volatility so that the most volatile standards are added last.  Immediately cap the sample cell.  
 
Start the ASE: 
Put the cells into the top tray of the ASE.  Put an equal number of 60 mL glass vials into the bottom tray 
to collect the sample extract.  Close the protective screen. 
 
Press the “Start” button.  Each sample will take about 20 minutes to run.  Do not attempt to turn the trays 
or pull back the protective screen while the ASE is running.  To keep track of the ASE choose “System 
status” from the main screen. 
 
Shutdown and Clean up: 
Once the ASE has finished extracting samples, turn off the instrument and turn off both regulator valves. 
 
Remove the vials, label, and recap them with new or non-pierced septa.  Store samples in the fridge. 
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Remove the extraction cells.  Open the cells inside a fume hood.  Empty the cells and take apart all 
pieces.  Leave the emptied samples in the fume hood to allow for all remaining solvent to volatilize 
before disposing.  Rinse all pieces in DI water and air dry.  If the stainless steel frits are dirty, rinse or 
sonicate in acetone. 
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APPENDIX D 
 
DETAILED DESCRIPTION OF MICROEXTRACTION METHOD 
 
SOP for micorextraction of PAHs based on method by Ghosh et al. [8]. 
 
This procedure is designed for PAH extraction of small samples for which extraction with the ASE is not 
required.  For example, samples with small mass/volume and large surface area.  Do not use the method 
for large particles as the PAH within the particles may not be fully extracted. 
 
Materials: 
Equipment: 
Sonicator capable of maintaining 50 °C (ex. Fisher #15-337-409) 
Fume hood 
Analytical balance 
Pipette modified to use glass Pasteur pipette tips (Socorex #W810316 and #1.835.633) 
Crimper for 1.2 mL vials 
 
Consumables: 
Glass Pasteur pipette tips (Wheaton #357331) 
Dichloromethane (Sigma Aldrich # 439223-4L) 
Acetone (Sigma Aldrich #270725-2L) 
Kimwipes, small 
Surrogate standard (ex. Ultra Scientific #ISM-560 and Cambridge Isotope #DLM-258-1.2) 
Weigh boats (ex. Fisher #08-732-100) 
4 mL amber glass vials with screw top closures, caps and septa (ex. VWR #66064-332 ) 
 
1.2 mL amber glass vials with crimp tops (Laboratory Supply Distributors #20811A-1232) 
11 mm crimp top closures (Laboratory Supply Distributors #21100-11) 
or 
1.2 mL amber glass vials with screw tops (Laboratory Supply Distributors #20808A-1232) 
8 mm septa (Laboratory Supply Distributors #21340-08) 
8 mm/425 screw closures (Laboratory Supply Distributors #21200-08) 
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Sample preparation: 
Samples should be dried before they are extracted.  PAHs are semi-volatile; therefore, samples should be 
freeze dried to prevent PAH loss through volatilization (ex. Labconco Freeze Dry System).  Remove 
samples from the freeze dryer as soon as they are dry as the samples will come to room temperature after 
all liquid is sublimated; leaving samples in a freeze drier for an extended period of time at room 
temperature will result in the volatilization of PAHs. 
 
Samples should be ground up or cut into small pieces prior to extraction.  This allows for the extracting 
solvent(s) to better penetrate the sample and results in a more complete extraction.   
 
Prepare micro-extraction vials: 
Weigh and record the sample weight (remember, this method is for small samples only).  Place sample in 
1.2 mL amber vial with 1 mL of 1:1 acetone:dichloromethane.  Cap the vial. 
 
Measure out surrogate standards following details given in ASE extraction SOP and add to 1.2 mL vials. 
 
Sonicate samples: 
Place 1.2 mL sample vials into a sonicator with a water temperature of 50 °C. 
 
Allow samples to heat up for 5 minutes. 
 
Sonicate samples for 3 minutes. 
 
Remove samples from sonicator and allow then to cool to room temperature. 
 
Transfer extracting solvent into 4 mL amber glass vials and add 1 mL of clean solvent.  Repeat extraction 
two more times.  Rinse the 1.2 mL vials with a final 1 mL of solvent, transfer rinse to 4 mL vial. 
 
Store samples at 4 °C. 
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APPENDIX E 
 
DETAILED DESCRIPTIONS OF CONCENTRATION AND CLEANUP METHODS 
 
SOP for concentration and clean-up of extraction solvent for EPA priority 16 PAH based on EPA method 
3630C 
 
This procedure is designed for the concentration and cleanup of sediment, coal-tar pitch, asphalt, 
charcoal, and soot (loaded onto diatomaceous earth) samples extracted with an ASE 350 (Appendix C) or 
through microextraction (Appendix D).   Analysis of the final extract is completed on a GC/MS 
(Appendix F).  Extracts from sediment and asphalt will require cleanup while extracts from coal-tar pitch, 
charcoal and soot will most likely only require concentration. 
 
Concentration of extract: 
Materials: 
Equipment:  
Fume hood 
Ultra high purity nitrogen 
Nitrogen line with shut off valve (see figure1 for setup) 
Ring stand (1 stand will run 2 samples at one time) (see figure 1 for setup) 
Ring stand clamps to hold nitrogen line (one clamp per sample) (see figure 2 for setup) 
1 mL plastic syringe for nitrogen line (one syringe per sample) (see figure 2 for setup) 
Water bath (ex. VWR #89000-284) (see figures 2 and 3 for setup) 
5 mL conical glass vials (Supelco 3-3299) 
30-60 mL glass vials with lids and Teflon (or similar) lined septa 
Crimper for 1.2 mL vials 
10, 100, and 500 L glass syringes (ex. Hamilton #80365, 80600, 80800)  
 Other syringe sizes may be needed if the sample needs to be diluted before analysis in GC/MS 
Pipette modified to use glass Pasteur pipette tips (Socorex #W810316 and #1.835.633) 
 
Consumables: 
Glass Pasteur pipette tips (Wheaton #357331) 
1.2 mL amber glass vials with crimp tops (Laboratory Supply Distributors #20811A-1232) 
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11 mm crimp top closures (Laboratory Supply Distributors #21100-11) 
1.2 mL amber glass vials with screw tops (Laboratory Supply Distributors #20808A-1232) 
100 L glass inserts (Laboratory Supply Distributors #20860-531) 
Screw caps and septa (with PTFE or similar coating) for 20-60 mL glass vials 
8 mm septa (Laboratory Supply Distributors #21340-08) 
8 mm/425 screw closures (Laboratory Supply Distributors #21200-08) 
Dichloromethane (Sigma Aldrich # 439223-4L) 
Acetone (Sigma Aldrich #270725-2L) 
Cyclohexane, if cleanup is required (Sigma Aldrich #650455-1L) 
Internal standard (for example Naphthalene-D8, UltraSci # IST-200-1) 
Kimwipes, small 
Alconox soap 
Tub for cleaning glassware 
Figures of concentration set up: 
 
Figure E.1: Example nitrogen line setup for concentrating six extracts. 
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Figure E.2: Ring stand setup for concentrating extracts. 
 
 
Figure E.3: Sample setup for concentrating final extract. 
 
Concentration with no cleanup: 
Place conical vials into water baths.  Transfer sample from the 60 mL ASE vial (or 4 mL microextraction 
vial) to a conical vial with a glass Pasteur pipette.  Concentrate with a stream of nitrogen that is slow 
enough to not splash the sample around inside the conical vial.  Continue to transfer and concentrate 
sample until the total volume is 2 mL. 
 
Rinse out the ASE/microextraction vial with 4 mL of dichloromethane.  Transfer the dichloromethane to 
the conical vial, washing down the sides of the vial.  Concentrate the sample back down to 2 mL. 
 
Add an additional 4 mL of dichloromethane to the conical vial.  Concentrate the sample down to a final 
volume of about 0.5 to 1 mL.  DO NOT concentrate the sample to less than 0.3 mL 
97 
 
 
Clean a 500 L glass syringe by filling and evacuating it with dichloromethane 6 times. 
Clean the syringe in two steps: a first rinse 3 times in a vial of DCM, a second rinse 3 times in a 
different vial of DCM.  Keep the two vials labeled as 1
st
 and 2
nd
 rinse.  Always use the 1
st
 rinse 
before the 2
nd
.  Dry the interior of the syringe by applying a vacuum.  See the image below for an 
example setup. 
 
 
Figure E.4: Example syringe cleaning setup. 
 
Rinse down the sides of the conical vial three times with the final extract using the clean 500 L glass 
syringe.  Measure the final volume of the extract using the same syringe and transfer into a 1.2 mL amber 
glass vial.  Crimp on the top and record the final volume.  Store the samples at 4 °C. 
 
** Internal standard needs to be added to the sample before analysis in the GC/MS.  See the section 
“Prepare sample for GC/MS” below. 
 
Clean the syringe before using to measure the final volume of a different sample. 
 
Clean the 60 mL and conical vials: rinse with acetone, wash in DI water and Alconox with a scrub brush, 
rinse three times with DI water, rinse with acetone, wrap in foil and place in an oven at 100 °C overnight. 
 
 
Concentration with cleanup to follow: 
98 
 
If the extract needs to be cleaned before analyzing in the GC/MS it must be concentrated and exchanged 
to cyclohexane before the cleanup process.  This is similar to the concentration method described above, 
except cyclohexane is used to rinse the vial and the extracted is concentrated to a final volume of 2 mL. 
 
Transfer the sample to the conical vial and concentrate to 2 mL.  Rinse the ASE vial with 4 mL of 
cyclohexane.  Transfer the cyclohexane rinse to the conical vial, rinse down the sides of the conical vial, 
and concentrate to 2 mL.  Add another 4 mL of cyclohexane to the conical vial and concentrate the 
sample to a final volume of 2 mL. 
 
Transfer the sample to a glass vial for storage or immediately to the prepared cleanup column.  Rinse the 
conical vial with 2 mL of clean cyclohexane and transfer the rinse as well.  Store the sample is the fridge 
if cleanup will not immediately follow. 
 
Prepare sample for GC/MS: 
An internal standard is added to the sample prior to analysis to account for instrument errors and loss of 
sensitivity over time with the GC/MS.  The internal standard must be different than the surrogate 
standards.  The internal standard must be added at the same concentration to all samples including the 
calibration standards used to create a calibration curve. 
 
Prepare and label 1.2 mL amber glass vials with screw tops, septa, and 100 L glass inserts for each 
sample. 
 
Clean 10 and 100 L glass syringes with dichloromethane before use.  A suggestion is to fill and evacuate 
the syringes 10 times as a first rinse and 10 times as a second rinse (see detailed instructions in section 
“Concentration with no cleanup” and Figure E.4).  Dry the interior of the syringe by applying a vacuum. 
 
Measure out appropriate volumes of sample and internal standard into the glass vials.  For example, if the 
desired concentration of the internal standard in the sample 5 ppm and the stock solution of internal 
standard is 100 ppm, measure 95 L of sample and 5 L of internal standard into glass inserts in the vials.  
Cap the vials as quickly as possible; leaving the sample uncapped will result in volatilization and affect 
the accuracy of the standard. 
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Store samples in the fridge until ready to analyze in the GC/MS, prolonged storage of these prepared 
samples in not recommended as the screw cap vials are not as airtight as the crimp top vials.  A 
suggestion is to prepare samples no more than three or four days prior to analysis with GC/MS. 
 
Suggested sample dilutions are listed in the chart below.  Keep in mind that samples will have different 
concentrations of each PAH.  Some PAHs may fall within the calibration curve on the GC/MS and other 
may be above or below.  Start by running a sample at full strength to get an idea of what type of dilutions 
will be required.  For example, in coal-tar pitch it is necessary to run the sample both at full strength and 
at a 1:10 dilution.  This allows for the detection of all 16 PAHs. 
 
Sample 
Dry mass 
of sample 
Dilution 
Vol. of 
sample 
Vol. of 
DCM 
Vol. of internal 
std (at 100 ppm) 
Sediment 2.5 g none 95 mL 0 mL 5 mL 
Coal-tar 
pitch 
0.01 g 
none 95 mL 0 mL 5 mL 
1:10 10 mL 85 mL 5 mL 
Asphalt 0.02 g none 95 mL 0 mL 5 mL 
Charcoal < 0.5 g none 95 mL 0 mL 5 mL 
DE + Soot < 0.5 g 
none 95 mL 0 mL 5 mL 
1:4 25 mL 70 mL 5 mL 
 
Table E.1: Suggested GC/MS sample preparation. 
 
Cleanup of extract: 
Equipment:  
Fume hood 
Oven or furnace capable of reaching 130 and 400 °C 
Pipette modified to use glass Pasteur pipette tips (Socorex #W810316 and #1.835.633) 
20 mL glass syringes with leur lock fittings (Fisher #14-825-9A) (see Figure 5 for setup) 
One-way stopcock with female and male leur-lock fitting, stainless steel or nickel (Fisher #01-290-40) 
(see Figure 5 for setup) 
Ring stand (see Figure 6 for setup) 
Ring stand clamps to hold glass syringes (see Figure 6 for setup) 
25 mL graduated glass cylinder 
125 mL volumetric flask, or other glass waste container (see Figure 6 for setup) 
40 mL TOC glass vials with lids and Teflon lined septa 
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Consumables: 
Sodium sulfate (Sigma Aldrich # 239130500G) 
Silica gel desiccant 100-200 mesh (Fisher # S679-500) 
Glass Pasteur pipette tips (Wheaton #357331) 
Glass wool (Supelco # 2-0411) 
Acetone (Sigma Aldrich #270725-1L) 
Cyclohexane (Sigma Aldrich #650455-1L) 
Dichloromethane (Sigma Aldrich #439223-4L) 
Hexane (Sigma Aldrich #650552-4L) 
Pentane (Sigma Aldrich #34956-2L) 
 
Figures of cleanup setup: 
 
Figure E.5: Cleanup setup for four asphalt samples. 
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Figure E.6: Example prepared cleanup column. 
 
 
 
Figure E.7: Clean up progression of sediment sample, left to right: column before adding sample, 
sediment extract in cyclohexane, pentane rinse (discard), 2:3 dichloromethane:pentane rinse (keep). 
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Prepare Si gel and Na2SO4: 
Heat the Si gel at 130 °C for at least 16 hours in a shallow glass dish loosely covered in foil. 
Heat the Na2SO4 at 400 °C for 4 hours in an aluminum boat. 
 
Store prepared chemicals in glass containers. 
 
Prepare cleanup column: 
Secure 20 mL glass syringe onto the ring stand using the clamp.  Screw on the one-way stopcock.  
Position the 125 mL volumetric flask below the syringe. 
 
Add glass wool to the bottom of the syringe.  Fill the syringe to about 10 mL with hexane. 
 
Measure out the Si gel.  The mass of Si needed will vary depending on the sample.  For example, the 
extract from 2.5 g of dried sediment requires 3.5 g of Si gel and from xx g of asphalt requires 8 g. 
 
Slowly pour the Si gel into the column, tapping on the side of the column as the gel is added to release air 
bubbles.  Rinse down the sides of the column with 1 mL of hexane using a glass Pasteur pipette. 
 
Measure out 1.5 g of Na2SO4.  Add the Na2SO4 to the column, making sure to create a full layer of 
Na2SO4 over the Si gel. 
 
Cover the Na2SO4 with a small amount of glass wool to prevent the surface of the column from being 
disturbed as liquid is added to the column. 
 
** See Figure E.6 for an image of the prepared cleanup column 
 
Run the cleanup column: 
Slowly open the one-way stopcock to allow liquid to pass through the column.  The flow rate should be 
less than 2 mL/min.  Just before the surface of the column is exposed, pipette in extract that has been 
exchanged to cyclohexane.  Rinse the sample vial with 2 mL of cyclohexane and add to the column. 
 
Just before the surface of the column is exposed, gently add 20-25 mL of pentane to the column being 
careful not to disturb the surface.  The amount of pentane added should be at least two times the volume 
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of the column; therefore, samples which require more Si gel for cleanup will also require more pentane.  
Allow the pentane to pass through the column, maintaining the flow rate of less than 2 mL/min. 
 
Just before the surface of the column is exposed, switch out the 125 mL volumetric flask with a 40 mL 
glass vial.  Add 20-25 mL of a mixture of two parts dichloromethane to three parts pentane to the column 
and allow the solvent to flow through the column.  Dispose of all solvent collected in the volumetric 
flask.  Save all solvent that is collected in the glass vial. 
 
Concentrate the sample is the glass vial according to the instructions in the “Concentration with no 
cleanup” section.  Skip the second addition of 4 mL dichloromethane.  Measure and record the final 
volume of sample.  Store the final sample in the fridge. 
 
Setup cleanup: 
Dispose of the solvent in the volumetric flask according to regulations.  Empty the columns and leave the 
solids (Si gel, Na2SO4, glass wool, and sample matrix) in the fume hood until dry, then dispose. 
 
Clean the glass vials and 20 mL glass syringes: rinse with acetone, wash in DI water and Alconox with a 
scrub brush, rinse three times with DI water, rinse with acetone, wrap in foil and place in an oven at 100 
°C overnight. 
 
Take apart the one-way stopcock, scrub the parts, and allow to air dry.  
 
** Add an internal standard to the sample before analyzing in the GC/MS.  Follow the directions given in 
the “Prepare sample for GC/MS” section. 
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APPENDIX F 
 
DETAILED DESCRIPTION OF GC/MS ANALYSIS METHOD 
 
SOP for GC/MS analysis of EPA priority 16 PAH and 16 deuterated PAHs based on EPA method 8270d 
 
Prepare standards and samples for analysis: 
 
Prepare the calibration standards: 
Materials: 
Equipment: 
10, 25, 50, 100 L glass syringes, depending on standard concentrations and volumes (ex. Hamilton 
#80365, 80400, 80500, 80600) 
Syringe cleaning setup (see Figure 1) 
 
Consumables: 
Dichloromethane (Sigma Aldrich # 439223-4L) 
PAH standards (see table below for examples) 
 
See the tables below for an example of how to make calibration standards.  This standard may include 
more deuterated PAHs than are needed for most samples.  For example, the 16D standard can be replaced 
with the surrogate mixture from UltraSci (part #ISM-560).  Make sure the standard contains the surrogate 
and internal standards that have been added to samples.  The internal standard must be at the same 
concentration for all calibration standards. 
 
Company Part # Abrev. Standard 
UltraSci PM-611 16 PAH Mixture, 16 analytes, 100ug/mL 
Cambridge 
Isotope 
ES-5164-1.2 16D PAH surrogates standard mixture, 200ug/mL 
UltraSci IST-110-1 ANTH Anthracene-d10 solution, 1000ug/mL (Diluted to 100 ug/mL) 
VWR ULATS-160-1 P-ter P-Terphenly-D4, 2000 ug/mL (Diluted to 100 ug/mL) 
 
Table F.1: Standards used for GC/MS analysis. 
 
 
 
 
105 
 
ppm of 
prepared 
std 
Volume of standard and DCM (L) Vol. 
prepared 
std (L) 16 16D ANTH P-ter DCM 
5 ppm 
std 
1 ppm 
std 
0.01 0 0 49.9 0 940.1 0 10 1000 
0.05 0 0 49.5 0 940.5 10 0 1000 
0.1 0 0 49 0 931 20 0 1000 
0.5 0 0 45 0 855 100 0 1000 
1.0 10 5 50 10 925 0 0 1000 
5.0 50 25 50 50 825 0 0 1000 
 
Table F.2: Example standard preparation. 
 
Clean syringes well before and after use.  A suggestion is to clean the syringes in two steps: a first rinse 
10 times in a vial of DCM, and a second rinse 10 times in a different vial of DCM.  Keep the two vials 
labeled as 1
st
 and 2
nd
 rinse.  Always use the 1
st
 rinse before the 2
nd
.  Dry the interior of the syringe by 
applying a vacuum.  See the image below for an example setup.  Replace the rinse solvent as needed. 
 
Figure F.1: Example syringe cleaning setup. 
 
Prepare samples for analysis with GC/MS 
 
Follow sample preparation from Appendix E. 
 
GC/MS method: 
Materials: 
Equipment: 
Agilent 7890B GC for MS with SSL inlet. 
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Includes 100 psi split-splitless inlet LAN interface and MS interface 
Part number: G7042AA 
Agilent 5977A inert MSD with Data System, Performance Turbo Pump and Inert EI Source 
Part number: G3442B 
Gerstel Multipurpose Sampler MPS2 - Twister 
Agilent DB-5ms column (30 m x 0.25 mm, x 0.25 m) (Agilent #122-5532) 
Splitless inlet liner with glass wool (Agilent #5062-3587) 
Advanced green septum (Agilent #5183-4759) 
 
Method parameters: 
Carrier: Helium, constant flow 1.2 mL/min * 
Injection volume: 1 L 
Oven program: 50 °C (0.4 min), 25 °C/min to 195 °C (1.5 min), 8 °C/min to 265 °C (0 min), 20 °C/min to 
315 °C (1.25 min) ** 
MSD: 300 °C transfer line, 300 °C source, 150 °C quad 
Solvent delay: 4.5 min 
SIM mode 
 
* Use 1 mL/min if using an instrument with a diffusion pump (rather than a turbo pump) 
** The oven method will vary depending on the instrument, column dimensions, and carrier gas flow rate.  
It will take some time to develop a method which optimizes peak quality and separation on a given 
instrument. 
 
 
  
107 
 
APPENDIX G 
 
EXAMPLE DATA CALCULATIONS 
 
The solid concentrations of PAHs on CMs and sediment were determined by manually correcting the 
GC/MS output (see Appendix F) with the recovery of the surrogate standards (fluorene-d10, FL-d; p-
terphenyl-d14, pT-d; and benzo[a]pyrene-d12, BaP-d).  The internal standard (naphthalene-d8, NAPH-d) 
was automatically used by the GC/MS to correct data by setting NAPH-d as the internal standard for all 
compounds in the Agilent Data Analysis Software.  The average recoveries of the surrogate standards of 
data from Chapter 2 are presented in Table G1 and from Chapter 4 are presented in Table G2.  Fl-d was 
used as the surrogate for low molecular weight PAHs and dPAHs, pT-d was used for medium molecular 
weight PAH and dPAHs, and BaP-d was used as the surrogate for heavy molecular weight PAHs and 
dPAHs (Table G3). 
 
 
Table G.1: Average surrogate standard % recoveries for all samples from Chapter 2 separated by material. 
 
 
Table G.2: Average surrogate standard % recoveries for all samples from Chapter 4 separated by material. 
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Table G.3: Surrogate standards used to correct PAH and dPAH concentrations.  Abbreviations are 
naphthalene (NAPH), acenaphthylene (ACY), acenaphthene (ACE), fluorene (Fl), phenanthrene (PHN), 
anthracene (ANTH), fluoranthene (FLAN), pyrene (PY), benz[a]anthracene (BaA), chrysene (CRY), 
benzo[b]fluoranthene (BbF), benzo[k]fluoranthene (BkF), benzo[a]pyrene (BaP), indeno[1,2,3-cd]pyrene 
(IND), dibenz[a,h]anthracene (DahA), and benzo[ghi]perylene (BghiP).  “d” represents the deuterated 
form of a PAH. 
 
To account for loss of surrogate standard determine the % recovery of each surrogate: 
% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 = 𝐺𝐶 𝑀𝑆⁄  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝜇𝑔
𝑚𝐿
) ×
𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑒𝑑 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝐿)
𝑡𝑜𝑡𝑎𝑙 𝑚𝑎𝑠𝑠 𝑜𝑓 𝑠𝑢𝑟𝑟𝑜𝑔𝑎𝑡𝑒 𝑎𝑑𝑑𝑒𝑑 (𝜇𝑔)
 
 
For example: 
% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦 𝐹𝑙 =  3.2769 
𝜇𝑔
𝑚𝐿
× 0.489 𝑚𝐿 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 ÷ 2 𝜇𝑔𝑠𝑢𝑟𝑟𝑜𝑔𝑎𝑡𝑒 𝑎𝑑𝑑𝑒𝑑 = 80.12% 
 
** Make sure to take into account any dilution that occurs with the addition of the internal standard or 
dilution that is required to keep the extract concentration within the calibration curve range.  For example, 
if 5 L of internal standard is added to a 100 L sample volume the sample has been diluted by 5% and 
the total mass of surrogate added must be adjusted (i.e., from 2 g to 1.9 g).  Or if the sample extract 
must be diluted 1:10 in order for the concentrations to fall within the calibration range, the total mass of 
surrogate will be reduced by 90% (i.e., from 2 g to 0.2 g). 
 
To determine the concentration of PAH or dPAH in the solid extracted material: 
𝑃𝐴𝐻 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝜇𝑔 𝑃𝐴𝐻
𝑔 𝑠𝑜𝑙𝑖𝑑
)
=
𝐺𝐶 𝑀𝑆⁄  𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝜇𝑔
𝑚𝐿)
% 𝑟𝑒𝑐𝑜𝑣𝑒𝑟𝑦/100
×
𝑓𝑖𝑛𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡 (𝑚𝐿)
𝑚𝑎𝑠𝑠 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙 (𝑔) 
 
 
For example: 
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𝑃𝐴𝐻 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
𝜇𝑔 𝑃𝐴𝐻
𝑔 𝑠𝑜𝑙𝑖𝑑
) =
0.3306 
𝜇𝑔
𝑚𝐿
80.12%/100
×
0.489 𝑚𝐿
0.0056 𝑔 
= 36.66 
𝜇𝑔 𝑃𝐴𝐻
𝑔 𝑠𝑜𝑙𝑖𝑑
 
 
